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Foreword 

Reinat Kotz 



The book Biomechanics and Biomaterials in 
Orthopedics and Traumatology gives a com- 
pletely novel description of the problems. For 
the first time a comprehensive overview on all 
materials used for implants and their biologic 
compatibility is given. Furthermore, it contains 
interesting tissue biomechanics and histomor- 
phometry on fractures and influences by non- 
biologic and biologic material and especially 
deals with the problems arising in cases of 
growing bones. Moreover, the principles of bio- 
mechanics are explained by several forms of 



application in the normal and pathologic skele- 
ton. Materials and techniques are described by 
specialists from all over the world; this edition, 
therefore, offers an excellent contemporary 
overview of biocompatible materials and the 
biomechanics of the locomotive apparatus. Each 
author gives his own view of the matter thereby 
rendering the book a very individual and 
diverse spectrum of the problems under discus- 
sion. The truly international character of the 
book is reflected authentically by the coopera- 
tion with SICOT and SIROT. 




Foreword 

Karl-Goran Thorngren 



The broad science field of the locomotor system 
covers research and knowledge with a wide span 
from molecular biology and bioengineering to 
application of new methods to patients and 
evaluation of the outcome. The biomechanics 
and biomaterials of orthopedics and traumatol- 
ogy have become increasingly important as the 
possibilities have increased to treat patients 
with foreign material introduced both as opti- 
mized osteosynthesis after trauma and as 
arthroplasties for joint diseases, sequelae of 
trauma, or in tumor treatment. Furthermore, 
substitutes for lacking tissues are emerging. 

The present book. Biomechanics and Bio- 
materials in Orthopedics and Traumatology, 
provides an important update within this highly 
important field. The authors have been chosen 
among renowned researchers and clinicians 
from all over the world. The Coordinating 
Editor, Professor Dominique Poitout, has suc- 
ceeded in composing a high-quality spectrum 
of chapters by authors from the international 
background of SICOT and SIROT. The interna- 
tional orthopedic research organization, SIROT, 



together with the international clinically 
founded major organization, SICOT, have both 
as their goal to provide exchange of knowledge 
and to present new achievements. Many of the 
authors have during recent years contributed 
to international knowledge at the meetings of 
SIROT and SICOT and this book now provides 
a unique possibility for permanent access to this 
gathered international knowledge in the field of 
locomotor system trauma and disease. 

This book covers both basic concepts con- 
cerning biomaterials and biomechanics as well 
as their clinical application and experience from 
everyday practical use. The presentations here 
span from laboratory trials to patient satisfac- 
tion as well as from basic principles and ideas 
to long-term experience. It is the continuous 
feedback between laboratory experiments and 
clinical practice that has resulted in the high 
standard that today can be offered to patients 
with locomotor system trauma and disease. This 
book will provide an important basis for gradu- 
ate and postgraduate learning by international 
specialists of orthopedics and traumatology. 
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Preface - Biomechanics and Biomaterials 

/. a Y. Leong and W.W.Lu 



What is Biomechanics? 

Biomechanics seeks to understand the mechan- 
ical structure and function of living systems, 
and can therefore be thought of as the study of 
biological systems from a mechanical point of 
view. In this book we concentrate on orthopedic 
biomechanics and related medical applications, 
which constitute the majority of recent work in 
the field of biomechanics. Orthopedic biome- 
chanics has focused on the forces and moments 
acting on the tissues of the musculoskeletal 
system, such as bone, cartilage, growth plate, 
ligament, meniscus, synovial fiuid, and tendon, 
in order to describe their function and behav- 
ior. The musculoskeletal system, although 
complex, serves the basic mechanical function 
of supporting the body while providing articu- 
lation and motion, and as such obeys Newton’s 
basic laws of mechanics. The study of bio- 
mechanics has also been important in the 
development and design of many of the joint 
replacement and fracture fixation devices 
commonly used in orthopedic surgery today. 
Biomechanics helps us to understand the 
normal function of tissues and joints, predict 
changes due to aging or pathologic changes, and 
propose methods of intervention and replace- 
ment. Thus, diagnosis, surgery, and prosthetic 
design and implantation are closely associated 
with biomechanics. 

Orthopedic biomechanics seeks to examine 
specific pathologic conditions through the 
study of areas such as joint instability, spinal 
deformities, gait pathologies, and fracture 
healing. Surgical procedures designed to restore 
normal mechanics may be critically evaluated, 
using techniques such as analysis of tendon 



force transfer, kinematic studies of ligament 
repair, or finite element analysis of joint 
replacements. 

The discipline of biomechanics therefore 
incorporates a broad range of subjects and array 
of experimental techniques. These include, but 
are not limited to, the structural and geometric 
properties of the human body and its individual 
components; mechanics (elastic, creep, fatigue, 
failure and dislocation mechanics), materials 
science (metallurgy, ceramics, composite mate- 
rials, and biomaterials); kinesiology, the science 
of human motion and locomotion, and the 
effect of environment, such as vibrations, etc. It 
is difficult to find any biological system that 
does not involve some of these areas. 

What Contributions has 
Biomechanics made to 
Orthopedics and Traumatology? 

Biomechanics has participated in many 
advances of medical science and technology. 
Molecular biology may appear far removed 
from biomechanics, but in its deeper reaches 
one has to understand the mechanics of the for- 
mation, design, function, and production of the 
molecules. Surgery seems to be an activity unre- 
lated to mechanics, yet healing and rehabilita- 
tion are intimately related to the stress and 
strain in the tissues. 

The achievements of biornechanics in the 
area of orthopedics and traumatology have 
included an increased understanding of the 
function of bones, muscles, ligaments, and 
tendons; including the relationship between 
stress and bone turnover, and the interaction 
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between stress and piezoelectric behavior in 
bones. These efforts have led to a reduction in 
the non-union rate of fusions and fractures, and 
have also resulted in the production of substan- 
tially more effective prosthetic and orthotic 
devices, including total hip replacements, and 
internal and external fixators. Restoration of 
normal joint lubrication and other corrective 
processes have also been achieved. A special 
challenge has been the development of bio- 
compatible and biodegradable implantable 
materials and the satisfaction of the necessary 
interface conditions. Biomechanics has also 
contributed substantially to the development 
of advanced surgical procedures such as 
novel methods of disk repair using suction, 
arthroscopy, and microsurgery reducing the 
risk of infection and allowing the patient to 
return to normal function in the shortest pos- 
sible time. Today, biomechanics has become 
an everyday clinical tool in orthopedics. Fun- 
damental research now covers not only sur- 
gery, prosthetics, implantable materials, and 
orthotics, but also cellular and molecular 
aspects of healing in relation to stress and 
strain, and tissue engineering of cartilage, 
tendon, and bone. In the long run, the most 
important contribution of modern biomechan- 
ics to medicine probably lies in its promotion of 
a better understanding of normal and patho- 
logic human physiology. 

Biomechanics Approach and 
Methodology 

Theoretical Approach 

Theoretical approaches to orthopedic bio- 
mechanics have typically involved the use of 
Newtonian mechanics in predicting the stresses 
and strains generated in tissues and joints by 
lifting, twisting, bending motions, etc. These, in 
combination with in vitro studies of the tissue 
failure properties, has allowed the prediction of 
safe levels of occupational exposure, and strate- 
gies to avoid overstraining the tissues involved. 
More recently, advanced theoretical techniques 
such as finite element model (FEM) analysis has 



been used to study loads within the tissues 
themselves, such as load sharing in fracture fix- 
ation implants, and is now a vital tool in implant 
design. FEM uses basic mechanical concepts 
combined with a knowledge of the materials 
stress-strain behavior, and then analyzes the 
forces in the body by considering it as an assem- 
blage of small, brick-like elements. Depending 
upon the detail and precision required from the 
analysis, several thousand elements constituting 
a fine mesh may be used, or a coarse mesh of as 
little as a few dozen elements. No matter what 
the mesh size, each element obeys the rules of 
mechanics and is assigned appropriate elastic 
properties (elastic modulus, shear modulus, and 
Poisson’s ratio), as well as appropriate failure 
properties (yield stress and ultimate stress). All 
forces crossing the boundaries of the elements 
are considered, and once the model and para- 
meters have been established, the response of 
the model to any theoretical external load can 
be examined by running the model through 
standard computational software. In this way, 
theoretical experiments can be performed that 
would be difficult or impossible to carry out 
in practice. For example, a CT scan-based FE 
model, containing 11,604 cube elements, has 
been used to estimate femoral fracture load 
under very different loading conditions includ- 
ing simulating impact from a fall and loading 
during normal gait [1]. 

Empirical Approach 

Biomechanical Study at the Cellular Level 

Cell biomechanics may be defined as the appli- 
cation of principles and methods of both engi- 
neering and life sciences to understand the 
structure and function of normal and patho- 
logical cells. Cells of the body are exposed to 
mechanical stresses and strains throughout life. 
For years it has been recognized that the inter- 
action between cells and mechanical factors is 
critical to the health and function of various 
tissues and organs of the body. Because of the 
staggering complexity of the in vivo environ- 
ment, systematic study of phenomena of cellu- 
lar responses to mechanical stimulation has 
relied heavily on the use of in vitro prepara- 
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tions. Such work frequently has involved cell 
culture systems with controlled delivery of a 
mechanical input such as hydrostatic pressure, 
fluid shear stress, or substrate strain. Because 
of no direct contact compression or tension of 
cells, the hydrostatic pressurization method has 
become popular as it has the advantages of sim- 
plicity, spatial homogeneity of the stimulus, ease 
of configuring multiple loading replicates, and 
ease of delivering and transducing either static 
and transient loading inputs. 

In order to simulate “physiological” loads 
experienced by bone cells in vivo, a four-point 
bending substrate flexure provides an alterna- 
tive means for delivering longitudinal strains to 
a culture surface. The low strain levels, typically 
several hundred to about a few thousand 
microstrain is similar to the range encountered 
by bone in vivo. The four-point bending system 
with rectangular culture plates is suspended 
within a culture well and permits study of either 
tensile or compressive strains depending on the 
sides of the substrate plate being loaded. 

Another broad approach to mechanical stim- 
ulus of cell cultures has been by applying fluid 
shear stress. A wide range of in vivo cellular 
phenomena are recognized as being influenced 
by fluid shear, including both mechanorecep- 
tion (e.g. plasma membrane receptors, protein 
kinase signaling, ion channels, etc.) and 
response (e.g., intracellular calcium, cytoskele- 
tal remodeling, etc.). A few principal apparatus 
configurations have been used for fluid shear 
stress input. One is the cone-and-plate system, 
in which rotation is imposed about a cone axis 
oriented perpendicular to the surface of a flat 
plate. Depending on the conical taper and the 
imposed angular velocity, a wide range of 
shear stresses can be achieved, extending even 
into the turbulent flow regime. Another config- 
uration is the parallel plate flow chamber in 
which a pressure differential is created be- 
tween two slit openings at either end of a rec- 
tangular chamber, causing uniform laminar 
flow to develop across the culture surface. The 
parallel plate approach holds many practical 
attractions, including homogeneity of the stress 
stimulus, simplicity of the equipment, ease of 
medium sampling, and small volumetric fluid 
requirement. Laboratory apparatus devised for 



study of cellular response to mechanical stimu- 
lation generally feature an appreciable range 
of complexity and sophistication to replicate 
the staggering complexity of the in vivo 
environment. 

Biomechanical Study at Tissue and Organ Level 

The skeleton is first and foremost a mechanical 
structure. Its primary functions are to transmit 
forces from one part of the body to another and 
to protect certain other organs (e.g., the brain) 
from mechanical forces that could damage 
them. Therefore, the main purpose of orthope- 
dic biomechanics is to define the mechanical 
properties and functions of the musculoskeletal 
system. 

Forces in joints or ligaments and forces 
acting on bones in vivo have been measured by 
using transducers (e.g.. Buckle transducer), and 
strain gauges with telemetry systems for signal 
transfer. For example, transducers have been 
implanted in the antero-medial portion of the 
anterior cruciate ligament to evaluate the effects 
of different types of rehabilitation exercises 
on strain magnitudes. Based on force-sensitive 
resistor technology, the three-dimensional 
plantar pressure distribution can also be mea- 
sured in vivo. Information from such force 
sensors is being increasingly used by orthope- 
dic surgeons both in clinical practice and 
research. 

Recently, a robot with a universal force- 
moment sensor has been used to record the in 
situ force and path of motions of all the tissues 
in the knee joint. The robot is further able to 
define the distribution of the forces of different 
bundles in a ligament and to repeat the recorded 
initial knee positions or path of motions. 
This approach does not require mechanical 
contact with the tissues, so in situ forces in 
intact ligaments or tendons can be accurately 
determined. The data obtained can provide 
useful information for studying the mechanism 
of ligament or tendon injury, improvement of 
surgical reconstruction procedures, and reha- 
bilitation protocols. 

In principle, the approach to the study of 
problems in biomechanics consists of several 
steps: 
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Formulation of a hypothesis. A statement of 
an unknown issue in biomechanics that the 
investigator wishes to address is expressed as a 
research question or hypothesis. 

Understanding of the anatomy and physiology 
of the subject, especially the musculoskeletal 
system. Detailed understanding of the mor- 
phology and histology of the tissues, and the 
structure and ultastructure of the materials, is 
required in order to know the geometric config- 
uration of the object we are dealing with. 

Understanding of the mechanical properties of 
the musculoskeletal system. 

Determination of the mechanical properties of 
the materials or tissues in question. The mater- 
ial composition and the mechanical properties 
may change as a natural function of aging. 

Application of the basic laws of physics 
(Newtonian and Maxwellian mechanics, conser- 
vation of energy, etc.) to the problem in hand. 
An accurate understanding of the environment 
in which the tissues function is also required to 
establish meaningful biomechanical boundary 
conditions. 

Perform physiological experiments within the 
boundary conditions to obtain the required data 
to prove or refute the hypothesis. 

What are Biomaterials? 

In the field of orthopedics, the term biomate- 
rials frequently refers to man-made materials 
used to construct prosthetic or other medical 
devices to replace or augment parts of the 
human body. However, a general definition of 
biomaterials includes not only materials 
designed for use in a biological system, but also 
those produced by living organisms, from 
animals to plants. No matter what the source, 
biomaterials must meet several criteria to 
perform successfully in orthopedic applica- 
tions. They must be biocompatible, or able to 
function in vivo without eliciting an intolerable 
response in the body either locally or systemi- 
cally. Appropriate biomaterials must be able to 
withstand the often hostile environment of the 
body, and show properties such as resistance to 
corrosion and degradation, such that the body 



environment does not adversely affect material 
performance over the intended performance 
lifetime of the implant. Adequate mechanical 
properties are also an important criterion for 
biomaterials, especially those used in devices 
intended to replace or reinforce load-bearing 
skeletal structures. 

Implants or prostheses also place demands on 
the biomaterials from which they are made, 
depending on the function of the implant. For 
example, orthopedic biomaterials intended for 
total joint replacement must possess adequate 
wear resistance to maintain proper joint func- 
tion and to minimize biocompatibility problems 
caused by biological reactions to particulate 
debris. They must be capable of reproducible 
fabrication to the highest standards of quality 
control and, of course, at a reasonable cost. Bio- 
materials that meet these criteria are funda- 
mental to the practice of orthopedic surgery. 
Today, many types of biomaterials have been 
used successfully in the development of devices 
for internal fixation of fractures, osteotomies 
and arthrodeses, wound closure, soft-tissue 
reconstruction, and total joint arthroplasty that 
have advanced significantly the treatment of 
musculoskeletal diseases. 

As a materials scientist or a clinician, one 
should disregard any notion that modern tech- 
nology has the ability to replace any part of a 
living organism with an artificial organ which 
will be superior to the original structure. 
While it is possible to imagine situations in 
which this might be true in some limited sense, 
one always finds that the organism as a whole 
will never work better than when the original 
organ was in place. The reason for this barrier 
to improvement is that all living organisms are 
the result of millions of years of evolution - a 
process of “cut-and-try” engineering involving 
trials, thus exceeding by orders of magnitude 
anything which human engineers can manage. 
In the new millennium, the ultimate solution to 
most problems involving internal implants will 
probably come when we are able to control cell 
function well enough so that organs can be 
replaced biologically. With the rapid develop- 
ment of molecular biology and cellular/tissue 
engineering in the 1980s, this has become a 
plausible goal. 
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Biomaterials Commonly Used 
in Orthopedics 

Biomaterials in orthopedic applications can be 
broadly categorized into metals, polymers, 
ceramics, and composites. The history of bio- 
materials in medicine can be traced back to the 
late 1800s and was precipitated by the rapid 
development of surgery as something other 
than an emergency procedure. In 1892 Levert 
experimented with lead, gold, silver, and plat- 
inum wire in dogs, but these metals clearly did 
not have the desired mechanical attributes, and 
without anesthesia, human patients could not 
endure long surgeries in order to implant mean- 
ingful prostheses or fixation devices. The advent 
of anesthesia just prior to the middle of the 
nineteenth century made surgery infinitely 
more tolerable to the patient, and the discovery 
of X-rays by Roentgen in the late 1800s revealed 
for the first time the true nature of many 
skeletal problems which had previously been 
misunderstood. 

Following the advances in surgical technique, 
important developments in materials science 
led to the widespread use of man-made mater- 
ials in orthopedic applications. In the 1930s, 
implants made from cobalt-chrome and stain- 
less steel alloys were developed, and later in the 
1950s, the development of polymer chemistry 
and plastics led to the economical production of 
high-quality polymeric-bearing materials such 
as ultra-high-molecular-weight polyethylene 
(UHMWPE). Further developments in the 
1970s and 1980s included the production of 
resorbable polymers such as polylactic acid 
(PLA) and polyglycolic acid (PGA). The ability 
to further develop and fabricate many bio- 
material-related devices compatible with bio- 
logical tissues significantly advanced the ability 
of orthopedic surgeons to treat a great variety 
of musculoskeletal problems. It should be 
noted that most of the implant materials com- 
monly in use today were developed more than 
25 years ago, and the intervening years have 
been ones of gradual refinement. Today, almost 
all orthopedic implants involve some combina- 
tion of the following metals, polymers, and 
ceramics. 



Cobalt-chromium alloys were the first corro- 
sion-resistant alloys to be developed, and have 
proven very effective in surgical implants, 
beginning in 1938 when Venable reported the 
use of such an alloy in orthopedics. A modifica- 
tion of the Co-Cr alloy was introduced in 1972, 
containing 35% nickel, and is thus known as MP 
35N. It can be forged and heat-treated to obtain 
tensile strengths of 1,800 MPa, significantly 
above those of stainless steel and Co-Cr alloy. 

Stainless steel (usually 316 L or 317 L) is a 
workhorse industrial alloy, which has been very 
successful as a surgical implant material. Cast 
stainless steels are unsuitable for orthopedic 
applications because of their large grain sizes 
and low fatigue strengths. Therefore, type 
316LVM, a low-carbon, vacuum-melt stainless 
steel is preferred. Both stainless steel and 
cobalt-chrome alloys owe their corrosion resis- 
tance to the formation of a ceramic-like oxida- 
tion layer coating the surface, and it is important 
that this coating not be scratched during 
implantation. 

Titanium alloys are primarily type Ti-6A1- 
4V, which contain 6% aluminum, 4% vanadium, 
and 90% titanium. This metal is becoming 
increasingly popular because its strength is as 
good as that of stainless steel and cobalt- 
chrome, but it is only half as stiff. This is poten- 
tially important because a large elastic modulus 
mismatch between implant and bone causes 
stress concentrations in some places and tends 
to unload the bone in others, even though the 
modulus of Ti-6A1-4V is till several times 
greater than bone. 

Polymethyl methacrylate (PMMA) is an 
extremely common acrylic plastic otherwise 
known as Incite, and is commonly used in 
orthopedics as bone cement, which was intro- 
duced by Charnley in the 1970s. Barium and 
antibiotics are frequently added to this polymer 
to increase its radiographic visualization and to 
prevent infection following surgery, respec- 
tively. In comparison to the metallic alloys, the 
mechanical properties of PMMA are similar to 
those of human bone, and barium and anti- 
biotic additions do not substantially affect these 
properties. 

Ultra-high-molecular-weight polyethylene 
(UHMWPE) has a very simple chemical 




XIV 



Preface 



structure. While a variety of other polymers 
have been tried, UHMWPE remains the best 
one for use as a bearing surface biomaterial 
because of its relatively low wear against metal. 
There have been many efforts to develop other 
polymers in the hopes of finding a material 
with better wear properties or lower cost than 
UHMWPE. However, while some slightly better 
materials have been produced, to date, very 
few of these have made it into actual clinical 
practice. 

Ceramic materials are most commonly 
solid, inorganic compounds consisting of metal- 
lic and non-metallic elements held together 
by ionic or covalent bonding. They are very 
biocompatible and show exceptional wear resis- 
tance, but are stiffer and more brittle than 
other biomaterials. In recent orthopedic appli- 
cations, ceramics have gained favor as biomate- 
rials in two quite different aspects. The first 
involves their use in total joint replacement 
components as fully dense ceramics, such as 
alumina (AI2O3) and zirconia (polycrystalline 
Zr02), that possess inertness and high wear 
resistance superior to those of metallic alloys 
or polymers. The second involves the use of 
less-dense, even porous ceramics, such as 
hydroxyapatite (HA) and bioglass (Na20-Ca0- 
P205-Si02), as bone graft substitutes and as coat- 
ings for metallic implants. These bioceramics 
are osteoconductive, providing surfaces to 
which bone will bond. 

Biomaterials Produced 
by Human Cellular and 
Tissue Engineering 

Tissue engineering is a multidisciplinary field 
that enlists the knowledge and experience of 
scientists involved in materials science, bio- 
medical engineering, cell and molecular 
biology, and clinical medicine to produce con- 
structs that can replace ill-functioning or 
missing tissues or organs. These constructs can 
be composed of biomaterials which, when 
implanted into the living host, will evoke a cel- 
lular response that results in the building of a 
structure that has the biochemical and struc- 



tural properties to carry out the required phys- 
iological function. Alternatively, the construct 
may be composed of an artificial scaffold, 
usually a biodegradable biomaterial seeded 
with cells and sometimes mixed with growth 
factors (FGF, EGF, bHLH, etc.), which have been 
assembled and grown in vitro for a prescribed 
period of time before implantation into the 
living host. While some promising results have 
been found, it should be noted that in common 
with all implants or replacements, the success of 
tissue-engineered structures is partly depen- 
dent on the skill of the surgeon for proper 
implantation or grafting. 

The first engineered tissues to hit the market 
have been skin and cartilage products. In 1997 , 
the US Food and Drug Administration approved 
an engineered skin replacement made by 
Advanced Tissue Sciences Inc. of La Jolla, Cali- 
fornia. Consisting of cells from the inner, or 
dermal, skin layer grown on a biodegradable 
polymer, the skin can serve as a temporary 
wound cover for patients with second- and 
third-degree burns. A cartilage product, Carti- 
cel, has also recently won regulatory approval 
and has been used to replace damaged knee 
cartilage. This uses cartilage-forming cells 
(chondrocytes) from cartilage removed from 
the patient and grown in a degradable matrix. 
The orthopedic surgeon can then remove the 
damaged cartilage and replace it with this new 
tissue. 

There are many tissue-engineered, ortho- 
pedic-related biomaterials currently under pre- 
clinical or clinical trials. For example, Antonios 
Mikos of Rice University and his colleagues 
have recently developed an injectable poly- 
propylene fumarate copolymer that hardens 
quickly in the body and provides a surface 
that guides regeneration of many of the long 
bones in rats and goats. Tissue-engineered bio- 
materials are clearly an important development, 
and we are only beginning to realize their full 
potential. Imagine being able to reach into the 
freezer, take out a cell culture, treat it with 
growth factors on a scaffold matrix, and 
produce almost any tissue in the human body. 
This would have sounded like science fiction in 
last decade, but may be common clinical prac- 
tice in the next. 
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Scope of the Book 

The material in this book is divided into basic 
biomechanical concepts, which presents the 
fundamentals of tissue biomechanics and bio- 
mechanics of bone growth, and the applications 
of biomechanical principles to orthopedics and 
traumatology, including anchoring of implants, 
principles of fixator use, and biomechanics of 
oncology. More comprehensive and advanced 
descriptions of articular biomechanics can also 
be found in the later part of the text. The level 
of the subject matter is designed for medical 
students in their senior year or at the graduate 
level, and young orthopedic surgeons with some 
foundation in basic physics and mathematics. 
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1 Bone as Biomaterial 

D. G. Poitout 



In recent years surgery has seen striking devel- 
opments in the area of biomaterials and it is 
becoming increasingly necessary for surgeons 
from various specialisms to have an in-depth 
knowledge of the biomechanical properties of 
and what happens to foreign bodies implanted 
in the body, whether metallic or biological such 
as bone. Industrial researchers have to identify 
and then resolve the mechanical problems 
which arise when using inert (metallic or 
plastic) or biological materials to replace joints, 
ligaments, or even whole bones. 

Using human or animal grafts (bone, carti- 
lage, or ligament) in certain surgical, traumato- 
logical, or oncological indications requires a 
combination of various types of knowledge in 
the areas of immunology, biology, and bio- 
mechanics which are necessary for these allo- 
grafts or these xenografts to be incorporated 
into the body. 

Human bone, whether autologous and there- 
fore bone-forming, allogenic, and simply bone- 
conducting or even animal bone (xenograft), 
behave biomechanically in a progressive fashion 
depending on the extent of the demands placed 
on it, the rate and degree of its revasculariza- 
tion, and of the procedures used to preserve and 
sterilize it. Bone substitutes are also currently 
being studied, whether in the area of hydroxya- 
patites, vitroceramics, tricalcium phosphates, 
corals, or even ceramized or heated allografts 
or xenografts. Mixed compounds combining a 
massive metallic prosthesis with bone from a 
bone bank surrounding it are composite bio- 
materials, the constituents of which each have 
their own advantages and disadvantages. 



Introduction 

Biomaterials can be defined as being “natural or 
synthetic substances, capable of being tolerated 
permanently or temporarily by the human 
body”. 

Indeed, although initially doctors chose 
mainly precious materials, as dentists still do, 
the development of new materials such as 
ceramics, polyethylene, carbon-carbon com- 
posites, or titanium have enabled the field of 
application which used to be limited to joint or 
dental prostheses to be extended to other areas 
such as ophthalmology and cardiology. 

The use of allografts or xenografts is not 
recent but progress now being made in the areas 
of the sterilization and preservation of these 
products of human or animal origin mean that 
there is fresh interest in the surgical techniques 
which use them. 

Research in these areas focuses on three 
aspects: 

First, the study of the mechanical, physical, and 
chemical behavior of the material in its biologi- 
cal environment, i.e., its resistance to fatigue, 
wear, its elasticity, its resistance to corrosion, its 
biomechanical behavior, and its possible incor- 
poration into the structures of the human body. 

Then the study of its biocompatibility, in par- 
ticular the analysis and identification of the 
reactions which occur at the interface between 
the material and the live tissue (for example, 
at the interface between the receiving bone and 
the prosthesis or the graft which has been 
introduced). 

The biochemical growth factors, the role of 
certain enzymes in the breakdown of the mate- 



3 




4 



Biomechanics and Biomaterials In Orthopedics 



rials used, the problems inherent to rejection or 
even immunological phenomena in relation to 
the destruction of an implanted graft are cur- 
rently the subjects of a great deal of research. 

Finally, it is necessary to choose a method which 
makes it possible to decide on a product which 
can be implanted in the body and which is also 
relatively easy to manufacture industrially or, 
where bone is concerned, preserved and dis- 
tributed under ideal sterile conditions and the 
biomechanical behavior of which is compatible 
with restoring satisfactory and long-lasting 
joint function. 

The Materials Used in 
Orthopedics 

In the field of biomaterials, research has to 
follow two different but complementary paths: 

On the one hand the characteristics and perfor- 
mance alone of the material have to be studied 
in accordance with its role in the body. 

On the other, its biocompatibility has to be 
studied. 

The biomaterials used in orthopedic surgery 
have developed a great deal in recent years. We 
now have a better understanding of the advan- 
tages they bring and their limitations. We know 
that steels corrode (vitallium) and that cobalt- 
chromium alloys wear. The complications con- 
nected with intolerance to the debris of metallic 
wear have meant that metal-metal prostheses 
are no longer used. The combination of metal 
and polyethylene also produces wear debris 
which plays a decisive role in the physiopathol- 
ogy of the loosening of prostheses, and the 
ceramic-ceramic joint may become blocked if 
the slightest particle enters the interface. 

Plastics, such as polyethylene, which cover the 
sliding surfaces of many joint prostheses, be- 
come deformed, creep, and break down, tending 
to limit the life of these prostheses. 

Cements, made of methyl methacrylate, 
which are used to fix some joint prostheses in 
the bone, have a high polymerization tempera- 
ture if they are used in large quantities (over 



70 °C), and for this reason cause bone necrosis 
(proteins congeal at 54 °C). The salting-out 
product may be toxic to the heart and when first 
used caused peroperative cardiac arrest from 
which the patients did not recover. 

In 10% of cases allografts produce consider- 
able immune reactions and are only slowly and 
incompletely assimilated by the skeleton. Bone 
substitutes are not necessarily successful in 
mechanical terms and at present can only be 
used to a limited extent. 

Many materials have disappeared completely 
from our arsenal of therapeutic options and we 
may well ask ourselves what can be used in 
future to replace the biomaterials used at 
present. 

Biodegradable Materials 

The need to remove an osteosynthesis product 
which was implanted a few months or years 
earlier is inconvenient; it means that the patient 
has to be hospitalized and operated on again 
and leads to a search for products based on 
amino acid-based polymers which would break 
down and disappear spontaneously in the body 
within a few years. 

Compounds made of polyglycolic or polylac- 
tic acid are currently used in the form of suture 
materials or parietal reinforcing plates and 
produce reasonable results. Their mechanical 
strength and life have to be improved and the 
way they are implanted into the body has to be 
specified. However, as from now, there is hope 
that in future they will replace the metallic 
materials currently used for osteosynthesis. 

Bone Replacement Materials 

Bone grafts currently have a major role. 

Autografts 

Autografts (bone graft taken directly from the 
patient) cannot be used to replace large seg- 
ments of bone or an osteocartilaginous segment 
forming part of a joint. Being bone-forming, 
they alone can induce the formation of new 
bone and help in the healing of a fracture or the 
assimilation of an allograft. 
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Allografts 

Since 1979 we have turned our attention to 
Marseilles, to preservation in tissue banks of 
allogenic bone fragments (bone graft taken 
from another person) stored in liquid nitrogen 
at -196 °C with cryopreservatives. 

Currently used in traumatology or in oncol- 
ogy, these allografts make it possible to recon- 
struct a bone segment which has been destroyed 
by a tumor or an accident. These allografts are 
well tolerated by the body and only in excep- 
tional cases (10% of cases) do immunological 
rejection phenomena occur. They can therefore 
be used easily in anybody requiring this type of 
operation. 

Xenografts 

Xenografts were used several decades ago by 
French teams (Judet-Sichard). The large 
number of rejection phenomena experienced 
with them (more than 50%) led to people refus- 
ing to use them. Because of the current shortage 
of human grafts, new attempts using different 
sterilization, preparation, or treatment tech- 
niques (lyophilization, ceramization, irradia- 
tion, heating) try to mitigate the inadequacies of 
this type of graft. 

Bone Substitutes 

Derivatives of artificial hydroxyapatite (a com- 
bination of hydroxyapatite-collagen, hydro- 
xyapatite cement, corals or madrepores, 
vitroceramics or bioglasses) are undergoing in- 
depth mechanical and experimental studies to 
see how well they are tolerated in-situ and how 
they can be used. Even if some bone substitutes 
really are “colonized” by the bone of the host, 
their mechanical properties are still inadequate 
and mean that large fragments cannot be used in 
human clinical medicine. Furthermore, these 
structures, which are uniquely bone-conducting, 
do not form new bone, and tend to break down 
rapidly. 

Joint Replacement Materials 

There are a great number of plastics includ- 
ing polyethylenes with mechanical properties 
which allow them to be used in human clinical 



medicine. Various treatments (irradiation of the 
grafts or the addition of other compounds, for 
example) are being used in an attempt to 
improve their properties and to prolong their 
life in the body. 

Alumina ceramics have been used for more 
than 15 years and their mechanical properties 
are well known. As the manufacturing processes 
are now very well established, it is possible that 
this material has the best coefficient of friction 
and produces the least wear debris in the body. 

Zirconia ceramics are currently being in- 
vestigated. They are less hard than alumina 
ceramics, they are easier to shape, are extremely 
strong but in some cases can break. Biological 
tolerance studies are currently being carried out 
and their biomechanical behavior in use is being 
characterized. 

Silicon carbides could be used as friction sur- 
faces for joint prostheses because they seem to 
be well tolerated, as the experimental implants 
have shown, but their long-term fate is not yet 
completely understood. 

The use of massive cartilaginous allografts is 
being proposed more and more frequently by 
some international teams producing surprisingly 
good clinical results. The assimilation of these 
cartilaginous allografts is excellent as cartilage 
cells do not need vascularization to survive. They 
are sustained only by the components of synovial 
fluid. However, in order for the mechanical 
behavior of the graft to be adequate for the 
purpose, it is necessary for the cells contained 
in the cartilage, which ensure its trophicity in 
relation to the hydrophilia of the proteoglycans, 
to be protected during the freezing phase. 
Hence the advantages of using a cryopreservative 
when the temperature drops and the option of 
using secondary sterilization by heat, gas, or 
irradiation is absent. This has to be particularly 
rigorous when grafts are being taken and osteo- 
cartilaginous fragments are being stored so that 
the graft is definitely entirely sterile. 

Capsuloligament and Joint 
Replacement Materials 

The frequency with which tendons and liga- 
ments tear directs world research towards these 
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areas. Artificial ligaments are used more and 
more frequently in clinical practice but their 
long-term fate is unclear. 

Carbon fibers sheathed in polylactic or polyg- 
lycolic acid, polyamide fibers, or high-density 
polyethylene threads are currently being tested 
for fatigue but they are already used in human 
surgery. Dacron or Teflon ligaments have not 
given good mechanical results in the medium 
term and have led to inflammation. 

Preserving human ligaments in tissue banks 
is also an avenue of research which appears to 
be promising but comes up against the problem 
of how tissue banks obtain their supplies and of 
the mechanical behavior of the grafted liga- 
ments while they are being revascularized. 

Mineral Structure of Bone 

Approximately 70 % of mature bone is made up 
of an inorganic substance: calcium phosphate, 
and 30 % of an organic matrix, the main com- 
ponent of which is a fibrous protein: collagen. 

The exact nature of this mineral phase, which 
has been studied mainly by X-ray diffraction, 
remains unclear. Furthermore, it appears to be 
an established fact that the nature of this phase 
varies as the bone ages. 

Several main components are frequently 
suggested: 

brushite: CaHP04*2H20 
octacalcium phosphate: Ca8H2(P04)6-5H20 
amorphous tricalcium phosphate: Ca3(P04)2 
apatite, classically hydroxyapatite: 

Caio(P04)6(OH)2 

The crystallites of bone apatite are small and 
often carry impurities. POr> Ca^^, and hydrox- 
yapatite hydroxide are replaced by carbonate, 
Mg^, and fluoride respectively. Compared with 
mineral hydroxyapatite, these imperfect crystals 
are more soluble and easily dissolved during 
resorption in the acid environment of the brush 
border of the osteoclastic cells. 

The smallest unit of crystalline structure of 
the apatites contains 18 ions and it appears 
probable that such a complex structure is 
formed de novo from ions in solution. Progres- 



sion through simpler forms has been demon- 
strated in vitro. However, these forms are un- 
stable and difficult to demonstrate in vivo. The 
fluid environments of the body are said to be 
metastable in terms of their calcium and inor- 
ganic phosphate concentration. More precisely, 
that this concentration is below that of the con- 
centration necessary for spontaneous precipita- 
tion but well above the concentration needed for 
the growth of the crystal if apatite crystals are 
present in the solution. 

This therefore leads us to consider two very 
different phenomena: 

the initiation of mineralization or “nucleation”, 
the growth of the first crystals formed. 

Progression of Mineralization 

It has been demonstrated in vivo that more than 
90 % of mineralization takes place normally by 
the growth of pre-existing crystals. As far as the 
growth of the mineral phase is concerned, the 
problem here is how to control it. Indeed, once 
mineralization has started in a metastable envi- 
ronment, it should continue until all the ions are 
used up. If this were the case, we would all be 
turned into a pillar of salt like Lot’s wife. Mineral 
growth is therefore tightly controlled and regu- 
lated. Three factors play an important role: 
collagen, certain non-collagenic proteins, and 
proteoglycan. 

Collagen 

Initially considered to assist in nucleation, bone 
collagen essentially of type I helps in the for- 
mation of apatite in vitro and in particular 
organizes crystallization. The crystals are 
deposited parallel to the axis of the collagen 
fibrils and denaturing of the collagen disturbs 
this precipitation. Therefore, although in vivo 
studies tend to call into question the role of col- 
lagen in nucleation, it has an essential organiz- 
ing role during the growth of the crystals. 

Non-collagenic Proteins 

Several non-collagenic proteins have been 
extracted from different calcified matrices. Two 
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large groups have to be distinguished; the phos- 
phoproteins and the GLA proteins (or proteins 
carrying gammacarboxyglutamic acid). The 
phosphoproteins have been isolated from bone, 
dentine, enamel, and calcified cartilage. Some 
phosphoproteins are more closely bound to col- 
lagen. Various roles have been suggested: orien- 
tation of the crystals, the control of their shape 
and size, or even a support role in particular in 
tissues which do not contain collagen, such as 
enamel. Osteonectin, a phosphorylated glyco- 
protein specific to bone tissue, is thought to help 
in binding calcium to collagen. 

GLA proteins have been suggested as being 
the agent which regulates mineral growth but 
their role is still unclear and controversial. Their 
interest lies particularly in the possibility that a 
radioimmunological assay could be carried out 
on the serum, which would be a reliable and 
sensitive marker of bone remodeling activity. 

Proteoglycans 

These consist of a central protein of hyaluronic 
acid and of carbohydrate chains formed from 
the repetition of sulfated disaccharide units. 
Essential components of cartilage, proteogly- 
cans have also been isolated from mineralized 
tissues. 

Proteoglycans of bone are thought to be 
smaller and immunologically specific. It has 
been suggested that they play a role in calcifica- 
tion on account of the fact that there is a lower 
level of these in calcified tissues than in non- 
calcified tissues. Furthermore, in epiphyseal car- 
tilage, the proteoglycans are thought to become 
smaller and fewer in number close to the calci- 
fication front. Moreover, proteoglycan aggre- 
gates inhibit the formation of apatite. The idea 
that proteoglycans indispensable to nucleation 
are transformed has therefore also been sug- 
gested. However Blumenthal has shown that the 
subunits, like the aggregates, inhibit mineraliza- 
tion. Poole et al., using immunofluorescence 
techniques, challenge the classical ideas of pro- 
teoglycans being reduced during endochondral 
ossification. In their view proteoglycans con- 
tinue unchanged when mineralization starts 
and are only modified during immature pri- 
mary bone modeling. 



Bone Remodeling 

Bone resorption and formation take place in a 
perfectly organized manner. The phenomena 
are most stereotypical in cortical bone. In old 
bone, and under influences which are currently 
little understood but which are certainly bio- 
chemical in nature, a population of osteoclasts 
appears which hollows out a resorption cavity 
which grows 7 to 9 microns a day up to a diam- 
eter comparable to that of a haversian osteon, 
and in particular advances into the bone, in a 
direction determined in particular by the 
mechanical constraints at a rate of 40 to 60 
microns per day, thus producing a tunnel-like 
structure. After an intermediate phase (reversal 
phase), the osteoblasts appear on the walls of 
the cavity which initially deposit 8 to 10 lamel- 
lae of osteoid tissue and then, owing in particu- 
lar to the osteoblastic alkaline phosphatases, 
cause the mineralization of this osteoid. 
Approximately 10% of the osteoblasts remain in 
the bone tissue formed in this way and, when 
they mature they become osteocytes, reunited 
with each other and communicating with the 
cells remaining on the surface of the residual 
canal by prolongations using a rich and anasto- 
motic canalicular system. The end structure 
created in this way is the haversian osteon. 

The resorption phase lasts approximately 
three weeks, the formation phenomena are 
spread over three months. In the trabeculae of 
the spongy bone the phenomena are the same 
but their spatial layout is different. Osteoclastic 
resorption takes places and advances on the 
surface of the bony trabeculae, forming 
Howship’s lacuna, subsequently covered, there 
too, with osteoblasts transforming and then 
mineralizing the osteoid tissue. In this system, 
described by Frost, the site being remodeled is 
called the “basic multicellar unit” (BMU) and 
the cells which form it are called the “basic 
structural unit” (BSU), the end result of this 
remodeling is the haversian osteon. 

Any pathological condition of the bone, and 
in particular diffuse conditions affecting the 
skeleton, is the result of an anomaly, varying in 
nature, of remodeling and of its elementary phe- 
nomena, with resorption always preceding its 
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formation except in very specific cases (early 
stages of bony callus or ossifications of the soft 
tissues for example). 

Morphology and Bone Mechanics 
in Hypodynamia 

During its development each bone acquires a 
shape and a mass which is determined geneti- 
cally in such a way that it has sufficient 
mechanical competence to perform the usual 
human activities. This acquisition requires the 
bone to be put into control, which allows it to be 
modeled during growth, followed by permanent 
remodeling throughout life. Physical activity 
therefore has a vital role to play in obtaining and 
then maintaining sufficient bone mass. A seden- 
tary person will have a weaker bone mass and 
will be more likely to suffer fractures when 
making unaccustomed efforts. On the other 
hand, people who have been practicing a sport 
or an intense physical activity for a long time 
will have a higher bone mass or bone density 
than average (weight lifters, ballet dancers, 
tennis players) and may even thus be able to 
compensate for a diet which is extremely low in 
calcium, as is the case in some Equatorial areas. 

The osteogenic stimulus therefore has a per- 
manent effect on the bone, which continually 
adapts to this stimulus. Trabeculae of bone in 
children organize themselves in line with 
increasing functional activity, adopting an 
orthogonal arrangement according to the main 
force lines. This arrangement gives the system 
maximum strength with minimum bone tissue. 
On the other hand, cortical bone does not have 
the same mechanical requirements and its 
structural objectives are also different. There 
does not appear to be any clear relationship 
between the usual structure of the compact 
bones and the forces to which they are regularly 
subjected, but the ability of the bone cortices to 
react to a high local force is still possible (the 
end of a hip prosthesis, for example). Functional 
adaptation therefore affects the shape and mass 
of the bone from a basic level determined 
genetically, to a structurally adequate level. Nev- 
ertheless, each bone adapts itself independently; 



it is therefore the bone overall which adapts 
itself to the mechanical forces rather than spe- 
cific tissue structures. The cell population of a 
bone is therefore able to assess the forces 
exerted on this bone. 

Not only is the adaptation of the bone sensi- 
tive to the intensity and distribution of the force 
exerted, but in particular to the variations in 
this force. Static forces therefore appear only to 
have a moderate effect on bone remodeling and 
if they increase excessively, this can have a para- 
doxically negative effect. 

It also seems that four daily compression 
cycles are sufficient to counterbalance the effect 
of immobilization, and that 36 daily cycles allow 
the maximum effect to be obtained. 

Hypodynamia has a rapid and negative effect 
on the bone formed: the absence of forces 
exerted no longer allows the bone to adapt itself 
permanently, and opens the field to various bio- 
chemical and hormonal influences, of which 
adequate physical activity is the necessary coun- 
terpart. It has an identical effect on the growing 
bone, which without adequate stimulation does 
not acquire the architecture or reach the bone 
mass critical for it to be compatible with normal 
functional activity (the sequelae of polio- 
myelitis, for example). 

Epiphyseal Cartilage 

Continuous axial compression slows down the 
growth of connecting cartilage. The clinical 
applications (epiphyseal agraffing when the 
length of the lower limbs is unequal) are evi- 
dence of this. 

Increased axial compression leads not only to 
a resumption of the activity of the epiphyseal 
cartilage but to an even more rapid rate of 
growth than normal. (BonneFs experience, 
growth spurts observed in children confined to 
bed). This hypothesis explains the apparently 
contradictory results for stresses on flexion. 
During the day, when under pressure, the part 
of the epiphyseal cartilage subjected to com- 
pression in the resolution of a stress on flexion 
grows at a reduced rate. At night, or when not 
under pressure, the growth rate of this same 
part is accelerated. The sum of these two phe- 
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nomena is thought to have a positive effect on 
growth with, in all, a more rapid rate of growth 
than for the part of the cartilage subjected to 
traction, still in the context of flexion. 

These considerations apply, of course, to 
stresses greater than those physiologically 
endured by epiphyseal cartilage but less than 
the pathological stresses for maintaining the 
biological competence of this cartilage. The 
effects observed combine to produce a biologi- 
cally healthy epiphyseal cartilage. 

Articular Surfaces and Friction 

The types of friction of the articular surfaces 
can be of the limited type (or Coulomb’s type) 
or of the viscous type. In the limited type, for a 
light load and a slow rate, friction occurs via a 
substance with remarkable sliding properties, 
absorbed in the articular surfaces. 

In the viscous type, for a heavy load and a 
rapid rate, a continuous liquid film permanently 
separates the two articular surfaces. The thick- 
ness of this film depends on the stresses which 
are exerted normally on the surfaces and the 
rate at which they move in relation to each other. 

These two types of friction occur in human 
joints. They were demonstrated experimentally 
by studying the way in which the oscillations of 
a pendulum decrease when attached to a joint: 
a linear decrease in the case of limited friction, 
an exponential decrease in the case of viscous 
friction. 

Lubrication and Pathology 

The synovial fluid of joints affected by rheuma- 
toid arthritis has proved to be a slightly less- 
effective lubricant than normal fluid. The fluid 
taken from arthrosed joints is thought to be 
better, almost as good as normal fluid. In the 
opinion of Little et al. (1969), there is no signi- 
ficant difference between the coefficients of 
friction of normal hips and those of joints 
manifesting fibrillation phenomena. There is no 
evidence to date to suggest that a lubrication 
disorder is at the root of degenerative phenom- 
ena observed in clinical practice. 



Finally: Tomorrow, 

Will Man be Artificial? 

If advances in technology continue at the 
current rate, it may be that many materials used 
today will be abandoned in years to come, but 
that, on the other hand, new products will 
appear on which the arthroplasties of the year 
2000 will be based. 

The reconstitution of joint cartilage by colla- 
gen, osteocartilaginous allografts, or artificial 
substances will allow huge strides to be made in 
the treatment of arthroses, the number of which 
increases as people live longer. 

Methods of fixation for joint prostheses - bio- 
logical fixation, new cements, so-called “intelli- 
gent” materials (nitinol and mono crystalline 
aluminas), or even bone grafts sheathing a 
metallic prosthesis - will enable the prosthesis 
to be better tolerated by the body. However, no- 
one can predict how this area will develop as 
chemists and metallurgists will without a doubt 
discover some new materials which will turn the 
future of the science upside down. 

Artificial organs are now part of the usual 
arsenal of medical solutions. But can we expect 
to see an artificial man tomorrow? The list of 
artificial organs which are currently available or 
are being created is so long that it is becoming 
increasingly difficult to draw up a comprehen- 
sive list of them. Artificial skin is currently being 
developed for very severe burns. Cell cultures of 
osteoblasts or chondrocytes could, in the near 
future, cover bone substitutes or recolonize 
them. 

However, all these artificial organs are expen- 
sive. The cost of the worldwide use of artificial 
kidneys or renal dialysis, for example, is several 
billion dollars (and in the case of France alone, 
1% of the social security budget). It can well be 
imagined that the cost of creating very complex 
prostheses which can be used by only a small 
number of people could well be prohibitive, par- 
ticularly for the most severely affected patients 
or the elderly who have relatively limited life 
expectancy. 

Is it preferable to use grafts or artificial 
organs? In some cases it would be preferable to 
use prostheses and in others grafts. It would 
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seem that the graft is the final element which 
would make it possible to save the patient, the 
prosthesis only allows him to wait until his graft 
can be implanted. 

Combinations of prosthetic materials and 
biological materials are now used more and 
more frequently, whether it is a bone graft 
sheathing a prosthesis, or artificial skin made 
of human cells and cultured, or even live pan- 
creatic cells developing within a synthetic 
structure. 

In truth, it is worrying to think how far it 
could go, and whether one day it would be pos- 
sible to create a wholly artificial man or carry 



out a succession of grafts aiming to replace the 
various components of the human body. For the 
moment it is still impossible to replace live 
organs with artificial organs which are as reli- 
able, and in particular have the same capacity of 
self-repair as scar formation. Furthermore, their 
incorporation will without a doubt pose prob- 
lems in the long term. 

Nevertheless, the progress we are constantly 
making in the development of bio compatible 
implantable products - ever smaller circuits, 
ever more powerful software, and in particular 
live grafts assimilating perfectly into the body in 
which they are placed - give us real hope. 




Biocompatible Materials 
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The great advances in orthopedic surgery over 
the past few decades and the fact that it con- 
stantly out-performs itself are the result of a 
policy of rigor in various areas. 

Rigor in the training of the surgeons in this 
discipline, which demands a long period of 
training in specialist departments. 

Rigor in performing operating techniques as 
a result of which hazardous improvisation is 
excluded. 

Rigor in the choice of materials, the use of which 
has opened up the way to progress but the 
quality of which determines the results. 

Precision and reliability are therefore the key 
words of the orthopedic surgeon who is prepar- 
ing and executing an osteotomy in the same way 
as an engineer approaches the bridges and road 
surfaces for the arch of a bridge. He needs a 
good knowledge of the laws of physics and of 
the rules of mechanics, but he also has to be able 
to apply this knowledge to living matter. 

I also believe it to be important to stress that 
orthopedists are clinicians and care for patients 
and that, if clinical practices develop in a direc- 
tion which is not in line with their wishes, even 
though the theory and the calculations are accu- 
rate, we should not try to understand how this 
should work but why it does not work. Indeed, 
there are so many parameters involved in 
human clinical medicine that it is often difficult, 
when trying to describe a movement or define 
the stresses on a particular material, to take 
all the normal physiological parameters into 
account. 



Behavior of Biomaterials in Situ 

Although the functional aspects of implanted 
materials can be anticipated fairly reliably, it is 
very often difficult to anticipate how well they 
will be tolerated clinically. For materials of any 
kind there are two aspects which have to be 
taken into account. They are: 

on the one hand the adhesion between a bio- 
material and the part of the human body with 
which it will be in contact, 

on the other, the aging of the product implanted. 

Adhesion involves all the problems of using 
cements and adhesives, the role of which is to 
transmit and distribute the stresses over the 
largest area of contact possible. This adhesion 
problem is far from being resolved satisfactorily 
from the practical point of view and there is still 
plenty of scope for the researchers to investi- 
gate. Should a prosthesis be cemented, screwed, 
or introduced with force, hoping that its irregu- 
lar surface will allow the bone to grow again and 
for the prosthesis to be fixed into the bone? 
More and more surgeons are currently aban- 
doning these latter methods because of the 
frequency of painful failed fixations requiring 
surgery to be repeated (6-8% on average after 
12 months). Cement has its drawbacks but 
according to the current state of knowledge 
seems to be the best compromise for fixing 
material into bone. 

Aging, As soon as it has been implanted in the 
body, the biomaterial finds itself in an environ- 
ment which is more aggressive than sea water, 
not least on account of its higher temperature 
and its sodium chloride content. Furthermore, 
there are also the variations in pH which may 
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lead to a rapid breakdown of plastics and may 
accelerate_metal corrosion. 

I would like to dwell on this problem of metal 
corrosion for a few moments. Some metallic 
materials are very resistant to generalized cor- 
rosion. This is the case for Vitallium, stainless 
steels, or alloys based on titanium, but they are 
still vulnerable to corrosion if pitted, the risk 
of which increases with contact friction which 
leads to breaks in the protective passive layer. 
It is also necessary to take into account the 
simultaneous action of the corrosive environ- 
ment on the prostheses and the mechanical 
stresses to which they are subjected. This results 
in the risk of corrosion under stress, and corro- 
sion due to fatigue which can lead to the appear- 
ance of weak points with the risk of breakage. 
Another well-known case of corrosion is gal- 
vanic corrosion caused by placing two different 
metals in contact with each other in a conduct- 
ing liquid which then behave like an electric 
battery. 

When there is corrosion, metal ions pass into 
the body. Therefore, some studies have shown 
that for austenitic stainless steel osteosynthesis 
plates, 9.1 mg of the alloy passed into the body 
two years after having been implanted. That is 
to say that there is a release of iron, nickel, and 
chromium in an equal proportion to that of the 
composition of the alloy. For example, in an 
individual who had had intramedullary pinning 
of the tibia, after 18 years he was found to have 
a nickel concentration in his serum, urine, hair, 
and nails which was up to 18 times the normal 
concentration, almost the same level as is found 
in workers in the nickel industry. 

More generally, the implantation of foreign 
material, and particularly a metallic material, 
always has consequences for the surrounding 
biological environment. It was even possible to 
demonstrate a transformation of the proteins 
left in contact with nickel, in particular by 
electron transfer at the metal-electrolyte 
interface. 

The problems listed above therefore require 
the practitioner to know the mechanical and 
chemical properties of the materials to be 
implanted without, of course, forgetting the 
sterilization conditions which can alter certain 
materials (such as gamma rays on plastics. 



ethylene dioxide absorbed by certain materials 
then released producing toxic reactions). 

If the surgeon cannot check all the properties 
of the material he uses by appropriate tests, he 
has to rely on the manufacturer’s literature to 
make his choice. But if he knows the properties 
that he can expect for a given application, the 
dialog will be more to the point. 

That is the current direction in the area of 
French orthopedics. 

Biomaterials Used in 
Orthopedics 

As it would be excessive to give an exhaustive 
list of all the biomaterials used in ortho- 
pedics, we will only take a few examples from 
each of the five main classes of orthopedic 
biomaterials; 

metals and metal alloys, 
ceramics and ceramo-metallic materials, 
bone replacement materials and allografts 
carbon materials and composites, polymers. 

Metal Alloys and Metals 

First, where steels are concerned, the introduc- 
tion of alloys leads to a spectacular improve- 
ment in oxidation. Molybdenum plays an 
essential role in resistance to corrosion caused 
by pitting. 

Chromium also plays an essential role from 
the point of view of corrosion. Indeed, exposed 
to the air or to an oxidizing environment, 
chromium allows a very thin, invisible film of 
chromium oxide to form - this is called the pas- 
sivation phenomenon. A minimum chromium 
content of 12% is necessary to give steel its 
stainless properties. 

Other elements can be added; this is true for 
nickel which, when in a proportion of 10-14%, 
makes it possible to obtain an improvement 
in mechanical performance without leading 
to brittleness. 

Steel with a high carbon content is therefore 
suitable for temporary surgical implants 
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(osteosynthesis plates, intramedullary nails) 
because of its malleability and its stainless prop- 
erties. But its poor prolonged resistance to cor- 
rosion means that it has to be removed after a 
few years. 

Alloys based on cobalt-chromium are shaped 
by microfusion or casting, which is less good 
mechanically, and only very rarely has it been 
possible to make forgeable alloys, owing to con- 
siderable additions of molybdenum, tungsten, 
and nickel. 

Although these materials have a resistance to 
corrosion and a breaking load which is better 
than stainless steel, their elastic limit is very 
close to the breaking load, which prevents any 
possibility of permanent deformation. And, as 
their resistance to fatigue is low, a significant 
breakage rate has been seen for femoral 
implants. 

Their modulus of elasticity is high, at around 

200.000 MPa, which poses the same problems 
as when using stainless steels (the modulus of 
elasticity of a bone being less than 20,000 MPAI. 
Due to their great hardness, alloys based on 
chromium and cobalt are the best compromise 
to date for making prosthetic femoral heads. 

Titanium alloys have high resistance to all 
forms of corrosion and have good mechanical 
properties. Their modulus of elasticity is low, 

110.000 MPa, which is half that of other alloys 
such as stainless steels. They have excellent 
biocompatibility, a high breaking load, and an 
elastic limit close to that of the breaking load, 
which eliminates any problems of permanent 
deformation in the case of high stresses, but also 
limits their use as a material in osteosynthesis. 
Owing to the passivation phenomenon, tita- 
nium covers itself spontaneously with a protec- 
tive film of titanium oxide which renders it 
remarkably resistant to corrosion. This can be 
increased even further by the chemical process 
of anodization. There is one negative element 
that should be emphasized which is that tita- 
nium alloys have poor friction properties in that 
it is not possible to use them as prosthetic 
femoral heads or in the axis of a hinged pros- 
thesis. Current trials, aiming to improve the fric- 
tion characteristics by laying down deposits of 
titanium nitride or carbide, have not been very 
successful because these deposits are irregular 



and thin so that the layers abrade after a few 
thousand cycles. 

Hydrogen or nitrogen ion inclusion tech- 
niques are still at the experimental stage. 

Finally, the alloy most frequently used cur- 
rently is an alloy containing a combination of 
aluminum and vanadium; Ti 6 AP 4 V, which 
has properties clearly superior to those of 
nickel-chromium-cobalt alloys. This is cer- 
tainly the best solution today for all diaphyseal 
implants, particularly femoral hip implant 
which is subjected to high mechanical stresses. 

Other metallic biomaterials could, in future, 
be useful in orthopedics; more specifically 
zirconium, tantalem, and nobium, all three of 
which display excellent biotolerance. However, 
progress still has to be made with alloys before 
they can rival titanium alloys. 

Ceramics and Ceramic- 
Metal Compounds 

Ever since man discovered that fire can modify 
the properties of clay (hydrated aluminum sili- 
cate), ceramics have never stopped developing. 
New ceramics have been developed and these 
materials take various forms: 

oxides: aluminum oxide (AI2O3), zirconium 
oxide (ZrOa), 

carbides: silicon carbide (SiC), 
nitrides, bromides, and fluorides. 

The science of ceramics has also meant that new 
textures can be created such as ceramic com- 
posites with various fibers combining metals 
and ceramics, which are called ceramic-metals 
or even cermets. There are also controlled crys- 
tallization glasses called vitroceramics. 

The New Ceramics 

Sintered oxides are either pure oxides such as 
alumina or mixtures of oxides. When high- 
purity alumina is used in the medical field, the 
specification is extremely precise. Alumina is a 
hydrophilic material (unlike polyethylene which 
is hydrophobic), it is very hard, slightly less so 
than diamond (which is, moreover, used to 
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grind and polish it), and its modulus of elastic- 
ity is 380,088 MPa, which is practically twice that 
of the metal alloys. Its resistance to flexion, 
however, is low, which limits the indications in 
which it can be used as an osteosynthesis rod or 
plate. When alumina was first used as a pros- 
thetic hip compound, there were many failures 
of the femoral head when used with an acetab- 
ulum also made of alumina. 

The two pieces machined for each other: 

tended to jam if the slightest particle of wear 
debris came between them. 

produced very little wear debris, certainly, but as 
these were crystals they led to synovial reactions 
comparable to micro crystalline arthritis. 

prevented any isolated change in one of the 
pieces of the prosthesis if only one became 
damaged. 

The existence of a high modulus of elasticity, far 
higher than that of methyl methacrylate and 
that of cortical bone, led to problems when 
sealing an alumina acetabulum with methyl 
methacrylate because unsealing occurred more 
frequently and usually occurred between the 
cement and the acetabulum and not between 
the bone and cement, as is normally the case. On 
the other hand, if the alumina acetabulum is 
directly screwed into the bone, the quality of the 
fixation is exceptional and the mobility of the 
implant normal because of the almost inevitable 
appearance of a film of fibrous tissue between 
the implant and the bone. The use of alumina 
currently, therefore, seems to be restricted to 
femoral heads and sliding surfaces in contact 
with polyethylene. 

Zirconia (Zr02) also has excellent mechanical 
properties, in particular flexion, together with 
satisfactory resistance to wear and friction, but 
in some cases it breaks! We hope that zirconias 
stabilized by yttrium oxide (Y2O3) and by 
alumina (R12O3) will be used routinely as fric- 
tion components in total prostheses of the hip. 

Carbides and Nitrides: These new materials 
include silicon carbide, which appears to have 
greater resistance to flexion than alumina as 
well as a higher modulus of elasticity, but its 
coefficient of friction is lower than that of 
alumina. 



Ceramic-Ceramic and Ceramic- 
Metal Compounds 

Fiber composites are a compromise between a 
deformable solid (for example, carbon fibers 
or alumina fibers) and a matrix which resists 
deformation (such as alumina or silicon 
carbide). To date, the first experiments with 
mixtures of aluminum oxide and iron have not 
produced useful results for improving the 
properties of the material. On the other hand, 
other combinations with molybdenum and its 
carbide, with tungsten and its carbide, or with 
titanium combined with zirconium oxide, seem 
to improve the resilience and toughness of the 
material considerably. 

Glass and Vitroceramics 

The mechanical strength of some glasses can be 
greatly improved by being transformed into 
vitroceramics. Direct anchoring, as for conven- 
tional ceramics, can, together with glasses and 
the vitroceramics, be performed by mechanical 
or chemical processes. In the case of vitroce- 
ramics anchored mechanically the dimensions 
of the interconnections between the pores are 
sufficiently large to allow colonization by bone 
tissue. Unfortunately, the mechanical properties 
of these vitroceramics are relatively poor. Resis- 
tance to breakage on flexion remains around 20 
MPa, which is far too low for use in internal 
prostheses. 

It seems that glasses and vitroceramics 
anchored chemically give better results. These 
materials initially have better mechanical 
strength than those of porous materials and are 
better than those of bone, but these criteria do 
not last. On the other hand, adhesion only seems 
to occur if the implant is immediately placed 
into intimate contact with the bone tissue, which 
is not always easy to do in practice, because, as in 
the case of bio-inert materials, a fibrous capsule 
forms which isolates the material from the bone. 

Natural, Biological, or Synthetic 
Bone Replacement Materials 

Bone loss can be remedied today either by 
natural autologous or homologous bone grafts 




Biomaterials Used in Orthopedics 



19 



or with ceramic-like materials. This is particu- 
larly true for madreporic coral or synthetic 
coral which consist of calcium phosphates and 
fluoroapatites and are comparable to the vitro- 
ceramics we have been discussing. 

Natural calcium carbonates are skeletons of 
madreporic corals with their organic part 
removed. They consist of virtually pure arago- 
nite (CaCOs). Used experimentally to replace 
bone substance losses or to fill cavities, it seems 
that the tendency is for the fragment of natural 
calcium carbonate to be resorbed, then for the 
carbonated skeleton to be replaced centripetally 
and gradually by bone. The structure of coral 
skeleton makes it possible to re-establish the 
intra-medullary circulation and its resorption 
releases calcium ions reused by the body for 
the precipitation of phosphocalcium apatite. 
However, the mechanical properties of the 
corals, which have a strength under flexion of 
the order of 3 MPa, and under compression of 
16 MPa, are much inferior to those of bone and 
the clinical applications are comparable to bone 
autografts and allografts. 

Materials Obtained by Synthesis 

With comparable porosity, the mechanical 
properties of synthetic materials are generally 
superior to those of natural materials. Only the 
compressive strength of tricalcium phosphate, 
which is between 7 and 21 MPa, is of the order 
of magnitude of that of coral. As for the latter, 
there are ultimately extremely few clinical 
applications. 

Allografts 

Bone is a living tissue consisting of cells as well 
as of a prosthetic structure on which calcium 
and phosphorus have been precipitated. The 
introduction into the body of a bone graft of 
any kind will lead to the progressive destruction 
of its cells without modifying the supporting 
protein lattice. Indeed, although the cells are 
antigenically specific to any particular individ- 
ual (various HLR groups), the collagen which 
forms the architecture of the bone is the same 
throughout the human race and will not give 
rise to rejection phenomena. Whether we use an 



autograft or an allograft, the clinical develop- 
ment of this tissue is approximately comparable 
and the cells will die. The protein structure on 
which the phosphocalcium raster is fixed will no 
longer exist and the bone cells of the host will 
recolonize the bone which serves as a mold. 
After several years, new bone will be reformed 
from the cells of the host. 

As massive samples cannot be taken from the 
same person without running the risk of 
causing problems at the donor site, we turned to 
preservation by cryopreservation of the bone 
homografts in bone banks. In order for it to be 
preserved “indefinitely”, it is necessary for the 
bone to be stored in very cold conditions below 
-80 °C. For these technical reasons, we chose to 
store the cryopreserved bone - preserved in 
10% DMSO in liquid nitrogen at -196 °C; which, 
subject to certain precautions, gives the most 
reliable results. Cryopreserved bone makes it 
possible to reconstruct a bone segment which 
had to be resected due to the existence of a bone 
tumor at that site and also to reconstruct the 
locomotor architecture after a considerable loss 
of bone substance due to trauma. 

Massive osteocartilaginous fragments are 
used ever more frequently to reconstruct articu- 
lar surfaces which have been damaged or 
removed as part of the excision of a tumor. 
Smaller, spongy fragments can also be used in 
addition to osteosynthesis to fill a bone cavity or 
to complete the fixation of an arthroplasty. The 
results we are obtaining currently are wholly 
encouraging and in many cases have made it 
possible to avoid amputation or the use of 
massive prostheses, the long-term mechanical 
future of which is not guaranteed. Between 1978 
and 2000, the Marseilles Bone Bank has supplied 
1744 massive bone parts used for grafts. 

Carbon Compounds 

Since 1967, numerous procedures have been 
used to create biomedical carbon but so far 
none have given absolute biological stability. 
It cannot, therefore, yet be considered for use 
routinely in human biology, in spite of the 
very many suggestions which have been made 
(osteosynthesis plates, nails, joint prostheses) 
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and in spite of its unrivalled endurance to 
fatigue (easily able to exceed 10 million cycles). 
The natural communicating porosity of its 
structure allows colonization into the mass of 
the prosthesis by the surrounding biological 
tissues, and the structural flexibility of the com- 
posites harmonize with the elasticity of the host 
bone. The fact that they cannot be deformed 
means that they cannot be used as osteosynthe- 
sis plates and as the carbon fibers cannot toler- 
ate lengthening, even to a very small extent, nor 
can they be bent to more than 30° without 
breaking. They cannot be used as a prosthetic 
ligament because fixing this ligament into bone 
is very difficult. 

Finally, the many particles from wear found 
in the ganglions, and even in the spleen, mean 
that we have to be careful when using these 
composites. Owing to the hardness of the sur- 
faces obtained by the ceramization treatment, 
it may be possible to consider using carbon as 
an articular surface, placing polyethylene in 
between the opposing surfaces. 

Polymers 

Numerous products have been suggested but, of 
course, they cannot all be considered. 

As far as their common properties are con- 
cerned, it is important to stress the fact that they 
age physically and chemically. 

The following will be discussed: 

1. Silicones, which are chemically inert, have 
good biotolerance and a high hydrophobic 
capacity. They are used in plastic surgery or 
in orthopedics in the form of elastomer 
rubbers for joint prostheses of the fingers, for 
example. 

2. Polyacrylics, and more specifically, methyl 
polymethacrylate, are well known in the area 
of orthopedics as they are used as a cement 
for fixing prostheses. The time that cements 
take to grip varies considerably depending 
on the type of used; also the polymerization 
reaction, which is very exothermic. If none of 
the heat were to be dissipated to the exterior 
while polymerizing, the mass of cement 
could reach more than 70 °C. It is thought 



that the maximum temperature should gen- 
erally be no more than 40-50 °C in vitro, 
which is relatively close to the coagulation 
point for proteins (56 °C) and that of bone 
collagen (70 °C). It would therefore be desir- 
able to find a new, weakly exothermic 
cement, which sets relatively slowly, but this 
is not yet available. 

Currently, the cement penetrates the interstices 
of the bone more effectively and leads to even 
more secure anchorage if it is more fluid or less 
viscous. It is therefore preferable to use a cement 
with a viscosity of less than 100 Newton/s/m^ 
after mixing. 

Similarly, the porosity is a decisive factor in 
the mechanical behavior of the cement. For a 
particular cement, the size of the pores does not 
depend on the maximum temperature, but on 
the mixing and usage conditions. On the other 
hand, the number of bubbles per unit volume, 
for any particular cement, depends on the 
maximum polymerization temperature. 

Finally, all acrylic cements show volume 
changes between the beginning of the mixing 
and the end of hardening. Currently, it appears 
that cement starts by contracting approximately 
2.5 to 6.5 microns per 2 mm thickness. As far as 
the mechanical properties of cement are con- 
cerned, the Young’s modulus is low (of the order 
of 3,000 MPa) and traction strength and com- 
pressive strength are approximately a quarter of 
the strength of normal bone. It is therefore 
important to emphasize the preparation of the 
cement, the frequency of the movements, and 
the role of the additives. In this area, the addi- 
tion of powders only very slightly changes their 
mechanical properties. On the other hand, when 
a liquid, such as an antibiotic, is to be added, this 
leads to serious weak points appearing and 
causes fractures to start which will only spread 
under stress. Finally, irradiation does not cause 
any significant changes in the mechanical 
behavior of the cement. 

3. Saturated polyesters, which are condensation 
polymers, are essentially represented by 
polyethylene terephthalate. This polymer has 
good resistance to chemical agents, good tol- 
erance in solid form and good mechanical 
properties. However, its behavior in a humid 
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environment is poor, with a sharp reduction 
of its mechanical properties. It is used in 
orthopedics in the form of plaited threads 
to make prosthetic ligaments (Dacron or 
Rodergon, for example). The poor elastic 
elongation properties (1.25 Y approximately) 
seem to be a very worrying factor for how 
this prosthesis behaves over time because 
the relative physiological elongation of the 
cruciate ligaments of the knee, for example, 
is 26 to 25 Y. 

4. Polyolefins. In this group it is UHMW (Ultra- 
high-molecular-weight) polyethylene which 
is used for making friction components for 
prostheses of the hip, knee, and elbow 
because of its mechanical properties. A great 
deal of research is currently being carried 
out to improve its properties, and in partic- 
ular its resistance to creep with, for example, 
the incorporation of carbon fibers. Polyeth- 
ylene reticulated by ionizing radiation with 
grafting of polytetrafluoroethylene should 
also improve the resistance to wear and 
creep. The use of a metal backing for pros- 
thetic cupulae also seems to limit the extent 
of creep. Polypropylene can be used for liga- 
ment use but here, too, its elastic elongation 
risks breaks in or detachment of the implant. 

To conclude, how do these biomaterials behave 
in use? It should be borne in mind that the main 
reasons why these materials fail are due to an as 
yet inadequate understanding of the properties 
of the materials used. Detachment is due to a 
breakdown in the cements and requires 
research to be carried out into their properties 
together with research into the mechanics of the 
transfer of loads between the implant and the 
bone. The extent of wear on the polyethylene 
parts will mean that the properties of these 
products will have to be changed, while amend- 
ing the design of the parts. The introduction of 



ceramics to reduce the extent of wear has not 
managed to stop it, and until these materials are 
made less brittle, there will still be the risk of 
accidents. 

There is still insufficient experience with 
carbon composite materials and only rigorously 
controlled experiments will enable us to say 
whether the hoped for advantages of these new 
materials are accompanied by serious disadvan- 
tages linked to a possible fragmentation of the 
fibers. 

Finally, in the case of metal alloys, an analy- 
sis of the behavior of the parts in use shows that 
the resistance to fatigue corrosion should be 
studied in experimental conditions to enable 
easier comparison of the advantages and disad- 
vantages of the various alloys proposed. 

Care should be taken not to reach too hasty a 
conclusion as to the risks of certain techniques 
and, perhaps even more importantly, the wholly 
beneficial effect of the new techniques where it 
is not possible to be entirely sure of the scien- 
tific objectivity of the measures. In practical 
terms, all the phenomena involved in the behav- 
ior of implantable materials start at the surface 
of the implants. It is therefore by studying the 
surfaces and their changes by physicochemical 
or mechanical treatment that advances can be 
made in the current techniques for manufactur- 
ing surgical implants. Reconstruction of joint 
cartilage with collagen, osteocartilaginous allo- 
grafts, or artificial substances will allow enor- 
mous advances to be made in the treatment of 
arthroses, the number of cases of which rise as 
life expectancy increases. 

Finally, many materials used today will prob- 
ably be abandoned in the years to come. On the 
other hand, new products will appear which will 
be based on the arthroplasties of the year 2000. 
Today we are probably only aware of one third 
of the materials we will be using in 20 years 
time. 




3 Bioceramics 

T. Yamamuro 



Definition and Classification 

Ceramic is defined as “synthesized inorganic, 
solid, crystalline materials, excluding metals”. 
Ceramics, used as biomaterials to fill defects in 
tooth and bone, to fix bone grafts, fractures, or 
prostheses to bone, and to replace diseased 
tissue, are called bioceramics. They must be 
highly biocompatible and antithrombogenic, 
and should not be toxic, allergenic, carcino- 
genic, or teratogenic. Bioceramics can be classi- 
fied into three groups; ( 1 ) bioinert ceramics, 
(2) bioactive ceramics, and (3) bioresorbable 
ceramics. Bioinert ceramics have a high chemi- 
cal stability in vivo as well as high mechanical 
strength as a rule, and when they are implanted 
in living bone, they are incorporated into the 
bone tissue in accordance with the pattern of 
“contact osteogenesis”. On the other hand, 
bioactive ceramics have the character of osteo- 
conduction and the capability of chemical 
bonding with living bone tissue. In other words, 
when bio active ceramics are implanted in living 
bone, they are incorporated into the bone tissue 
in accordance with the pattern of “bonding 
osteogenesis”. The mechanical strength of 
bio active ceramics is generally lower than that 
of bioinert ceramics. Bioresorbable ceramics are 
gradually absorbed in vivo and replaced by 
bone in the bone tissue. The pattern of their 
incorporation into the bone tissue is considered 
similar to contact osteogenesis, although the 
interface between bioresorbable ceramics and 
bone is not stable as that observed with bioinert 
ceramics. 



Bioinert Ceramics 

In 1969, Benson [1] predicted that carbon 
ceramic will be brought into clinical application 
as a biomaterial in the near future, as it has 
excellent biocompatibility, a high compressive 
strength, and a reasonable elastic modulus. 
When carbon fiber was used as artificial liga- 
ments, however, it tended to undergo fragmen- 
tation. Recently, such mechanically stronger 
carbons as low-temperature isotropic carbon 
(LTI carbon) and carbon-fiber-reinforced 
carbon (CFRC) have been developed, but 
their clinical application has not yet been 
brought to realization. 

Bioinert ceramics such as alumina ceramic 
(AI 2 O 3 ) and zirconia ceramic (Zr 02 ) have a 
higher compressive and bending strength and 
better biocompatibility than stainless steel (SUS 
316L) or Co-Cr alloy. Alumina ceramic particu- 
larly, therefore, was used for osteosynthetic 
devices (alumina monocrystal) or to fabricate 
bone and joint prostheses (alumina monocrys- 
tal + polycrystal) in the 1980s [2]. Recently, 
however, due to their brittleness and too high 
elastic modulus as compared to those of human 
bone, they are very little used for these pur- 
poses. On the other hand, it has been known that 
a ball made of alumina or zirconia exhibits a 
wear-resistant character when its surface is 
polished to an average surface roughness of 
0.02 fim. At present, therefore, the clinical appli- 
cation of alumina and zirconia is almost solely 
limited to the bearing surface of joint prostheses. 

It is well known that one of the important 
factors causing loosening of joint prostheses is 
periprosthetic osteolysis, which is due mainly to 
excessive macrophage activity against wear 
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debris, particularly of polyethylene, around the 
prosthesis. There have been various attempts, 
therefore, to reduce the amount of wear debris 
by changing the bearing surfaces of prostheses 
from a metal-on-polyethylene combination 
to a metal-on-metal, ceramic-on-ceramic, or 
ceramic-on-polyethylene combination. In 1970, 
Boutin [3] started to use an alumina-on- 
alumina combination for the bearing surface of 
hip prostheses. According to Sedel [4], alumina 
ceramic used for hip prostheses between 1970 
and 1979 had a mean grain size of 7 jUm and the 
linear wear of its bearing surface was 5 to 9 jum 
per year, while alumina ceramic currently used 
has a grain size of 2 jum and the linear wear is 
in the order of 3^m per year. Sedel further 
described that the overall wear of the currently 
used alumina-on-alumina hip prostheses, calcu- 
lated by the weight of debris generated, was 
approximately 1,000 times less than for metal- 
on-polyethylene and 40 times less than for 
metal-on-metal joints, if all requirements for 
alumina quality, sphericity, circularity, and 
clearance of the bearing components are met. 
Therefore, in spite of the fact that the alumina- 
on-alumina hip prostheses used in the 1970s did 
not show significantly better 10-15 year results 
as compared to those of the Charnley hip pros- 
theses, the current alumina-on-alumina hip 
prostheses are expected to bring about much 
better long-term results than those used in 
the 1970s. 

On the other hand, it is a well-known rule for 
hip prostheses that the smaller the head size the 
less the volumetric wear of the bearing surface. 
There has been much work on ceramic-on- 
polyethylene hip prostheses in attempts to 
reduce the volumetric wear of polyethylene. The 
diameter of most alumina femoral heads of hip 
prostheses has been limited to 26-32 mm even 
with new alumina ceramic, because it exhibits 
only moderate bending strength and toughness. 
In an attempt to reduce the head size to 22 mm 
while still guarding against breakage, zirconia 
ceramic has been considered as a constituent 
material, as it has the advantages over alumina 
of higher bending, compressive, and impact 
strength, higher fracture toughness, and lower 
elastic modulus. Zirconia ceramic was not 
brought into clinical application until recently 



because zirconia synthesized in the 1980s was 
abnormally radioactive [5] and tended to bio- 
degrade in vivo. Modern technology, however, 
made it possible to synthesize a new zirconia 
which is not abnormally radioactive and is 
stable in vivo. This has been accomplished 
mainly by developing a refining technique to 
obtain pure zirconium from a raw ore and by 
adding chemical stabilizers such as yttrium 
oxide or cerium oxide during the sintering 
process. The estimated amount of radioactivity 
exhibited from zirconia, prepared by the Kobe 
Steel Company since 1993 is 1. 152 /tR, while the 
normal background radioactivity is approxi- 
mately 100 mR [ 6 ]. Thus, the radioactivity of 
new zirconia is considered negligible. 

Concerning crystallographic stability, 
alumina ceramic (usually a-alumina) consists 
entirely of hexagonal crystals and is hence 
chemically very stable in vivo. On the other 
hand, zirconia ceramic usually consists of three 
crystallographical phases; cubic, tetragonal, and 
monoclinic, and transformation of the phase 
takes place under various conditions such as 
change of temperature, mechanical stress, and 
humidity. The phase transformation often 
results in self destruction of the ceramic. Until 
the 1980s, this crystallographical instability was 
one reason for not using zirconia as a con- 
stituent material for the bearing component of 
joint prostheses in which high stress concentra- 
tions may be created on the ceramic surface by 
repeated loading under wet conditions. In the 
1990s, however, new sintering methods have 
been introduced to prepare crystallographically 
stable zirconia ceramics by adding such chemi- 
cal stabilizers as Y 2 O 3 , Ce 02 , and AI 2 O 3 in the 
sintering process. These are called partially 
stabilized zirconia (PSZ). As an example, to 
prepare a zirconia femoral head of 22 mm in 
outer diameter, zirconia powder with a grain 
size of less than 1 jLim is mixed with chemical 
stabilizers (Table 3.1), and is molded into a ball 
using rubber at room temperature. The ball 
is then sintered for two hours at 1,500 °C. The 
sintered zirconia ball undergoes machining to 
shape a precise spherical ball with an outer 
diameter of 22 mm and a tapering fit (Figure 
3.1). The ball is finally polished to obtain an 
average surface roughness of less than 0.02 jim. 
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A zirconia femoral head made in this way con- 
sists mainly of the tetragonal phase with 1-2% 
monoclinic and cubic phases. 

The mechanical properties of PSZs are com- 
parable with those of new alumina ceramics 
with a grain size of less than 2 ^m (Table 3.2). 
PSZs have significantly higher bending 
strength, compressive strength, fracture tough- 
ness, and impact strength, but have a lower 
Vickers hardness and elastic modulus than 
alumina ceramic, although they are slightly 
different depending on the grain size and kind 



Table 3.1 . Chemical composition of zirconia ceramic 



Weight % 


SiOi + MjO 


0.1 


(MjO;NajO,KjOetc) 




FeA 


0.1 


AIA 


0.5 


Y,0, 


4.8 ±0.7 


Zroj 


remainder 



of chemical stabilizers used. Among them, 
yttrium oxide PSZ (Y-PSZ) has the highest 
bending strength and fracture toughness fol- 
lowed by cerium oxide PSZ (Ce-PSZ). Breaking 
tests for Y-PSZ and alumina femoral heads, 
22 mm in outer diameter, were performed by 
static loading over a polyethylene liner which 
was set against the ceramic head. The alumina 
heads were broken by loads of 2,400-3,400 kg 
(average 2,800 kg), while Y-PSZ heads were 
broken by loads of 2,770-4,480 kg (average 3,700 
kg). Thus, Y-PSZ heads were significantly 
stronger than the alumina heads against break- 
age [7]. Fatigue testing was performed on eight 
Y-PSZ femoral heads on a hip simulator in phys- 
iological saline at 37 °C, by applying 10^ cycles of 
repeated loading with 450 kg. This loading is 
considered to correspond approximately to 20 
years of a person walking. After the test, no 
breakage was observed in all eight Y-PSZ heads. 

Wear tests for the polyethylene liner against 
the Y-PSZ, alumina, and stainless steel head, all 




J 



b 



Figure 3.1. a A zirconia femoral head with an outer diameter of 22 mm.b A cementless hip prosthesis made of titanium alloy with a combination 
of zirconia head and polyethylene socket for the bearing component. 
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Table 3.2. Mechanical properties of bioinert ceramics 







Zirconia 


Alumina 


Bending strength 


(kgf/mm^) 

(kgf/mm^) 


170 


>40.8 


Compressive strength 


500 


408 


Fracture toughness 


(MPa,m''^ 


5.2 


3.4 


Impact strength 


(kgf/mm^ or kJ/m') 


14 


4 


Vickers hardness 


(HVkgf/mm') 


1270 


2300 


Elastic modulus 


(kgf/mm^) 


20500 


>38800 


Density 


(g/cm’) 


6.05 


>3.9 


Crystal size 


(^m) 


0.2 


<7 



22 mm in outer diameter, were performed using 
a hip simulator in physiological saline at 37 °C 
by applying a load of 450 kg at 1 Hz. After 5x10^ 
cycles of loading, the polyethylene liner against 
the stainless steel head showed significant wear, 
while those against the Y-PSZ head and alumina 
head did not show any measurable wear, even 
after 2 x 10^ loading [7]. 

Thus, alumina is chemically more stable than 
PSZ in vivo, while PSZ is mechanically stronger 
than alumina, and both of them exhibit much 
better wear-resistant characteristics compared 
to stainless steel or Co-Cr alloy when assessed 
in the form of bearing components for hip pros- 
theses. For these reasons, alumina is used to fab- 
ricate ceramic-on-ceramic hip prostheses where 
head size is not a key issue, while PSZ is used to 
fabricate ceramic-on-polyethylene hip prosthe- 
ses where the head size must be made reason- 
ably small. One reason why zirconia-on-zirconia 
or alumina-on-zirconia hip prostheses have not 
yet been brought to the market is that, even with 
PSZ, its long-term crystallographical stability in 
vivo has not been confirmed. 



Bioactive Ceramics 

Bioactive ceramics include glasses, glass- 
ceramics, and ceramics that elicit a specific 
biological response at the interface between the 
material and the bone tissue which results in 
the formation of a bond between them. The first 
evidence of direct bone bonding to a glass 
implant was discovered by Hench et al. in 1970 
[8]. Since then, some other glasses, glass- 
ceramics, and ceramics had been proved to have 
bone-bonding capability. Among them. Bio- 



glass®, apatite- and wollastonite-containing 
glass-ceramics (AW-GC) and synthetic hydrox- 
yapatite (HA) are representative materials cur- 
rently used for clinical applications. 

In 1970, Hench et al. [8] synthesized a bioac- 
tive glass with a chemical composition of Si02 45, 
CaO 24.5, P2O5 6, Na20 24.5 (wt%). This glass is 
called 45S5 Bioglass® and is known to exhibit the 
strongest bioactivity among hitherto developed 
bioactive ceramics. Wilson et al. [9] proved that 
when the implant-tissue interface was immo- 
bilized, collagen fibers of soft tissue became 
embedded and bonded within the growing 
silica-rich and hydroxy-carbonate apatite layer 
on the 45S5 Bioglass®. Such soft-tissue bonding 
has never been observed with other bioactive 
ceramics or glass-ceramics. However, as Bio- 
glass® is mechanically much weaker than human 
cortical bone, it can not be used as a weight- 
bearing bone prosthesis. Instead, it has been 
used as a bone void filler in the form of granules, 
coating materials on metallic prostheses, and to 
fabricate a middle-ear prosthesis. 

Aoki et al. [10] in 1966 and Jarcho et al. [11] 
in 1976 independently developed a process for 
producing dense hydroxyapatite implants with 
considerably high mechanical strength. Syn- 
thetic hydroxyapatite (Caio(P04)6(OH)2) has the 
capability of chemical bonding with living bone 
tissue, but it takes much longer than Bioglass® 
for bone bonding. Its mechanical properties are 
shown in Table 3.3 in comparison with that of 
natural bone and AW-GC. The bending strength 
of HA is lower than that of natural cortical bone, 
and hence HA can not be used to fabricate 
weight-bearing bone prostheses with absolute 
safety against breakage in vivo. It has been used 
as a bone void filler in the form of granules with 
various particle sizes (Figure 3.2), as a coating 
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Table 3.3. Mechanical property of natural bone and bioactive ceramics 





Bending 


Compressive 


Elastic 




strength (Mpa) 


strength (Mpa) 


modulus (Gpa) 


Natural bone 


30-190 


90-230 


3.8-17 


Synthesized 


110-170 


500-900 


35-120 


Hydroxyapatite 
A-W Glass-Ceramic 


220 


1000 


120 




Figure 3.2. a A giant cell tumor developed in the right ilium and ischium of a 27-year-old female. The tumor was excised and the remaining 
large bone defect was filled with a mixture of autogenous bone chips, HA granules, and fibrin glue, b 20 years postoperatively, HA has been well 
incorporated into the surrouding bone and the patient has no symptoms. 
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Figure 3.3. HA-coated hip prosthesis developed by Geesink et al. 



material on metallic prostheses, and to fabricate 
an iliac crest prosthesis and a laminoplasty 
spacer in which high mechanical strength is not 
required. In 1987, Geesink et al. [12] developed 
a HA-coated hip prosthesis and recently 
reported an excellent ten-year clinical result in 
a large number of patient (Figure 3.3). At 
present, HA is the bioactive ceramic most 
widely used for clinical applications as a bone 
void filler and a coating material for hip pros- 
theses which are employed in cementless hip 
replacement. 

Aiming at producing a mechanically stronger 
bioactive material, Kokubo et al. [13] in 1982 
developed apatite- and wollastonite-containing 
glass-ceramic (AW-GC or Cerabone AW®) with 
the chemical composition Si 02 34.0, CaO 44.7, 
P 2 O 5 16.2, MgO 4.6, Cap 2 0.5 (wt%). As shown 
in Table 3.3, AW-GC has a significantly greater 
bending and compressive strength than human 
cortical bone and dense HA. Bioacitivity was 



compared among Bioglass®, HA, and AW-GC by 
implanting them into living bone tissue and car- 
rying out detaching tests in different post- 
implantation periods. It was demonstrated that 
bone bonding occurred earliest with Bioglass® 
followed by AW-GC and then HA. The essential 
mechanism of bone bonding for Bioglass® and 
AW-GC is considered similar; i.e., the formation 
of an apatite layer on the implant surface in the 
body environment. This surface apatite forma- 
tion takes place by the chemical reaction of Ca^^ 
and HSiO^" ions dissolved from the implant 
surface. This apatite is called chemical apatite 
(Figure 3.4). At the same time, on the cut surface 
of bone, an apatite layer accompanied by col- 
lagen fibers is formed by the activity of 
osteoblasts. This apatite layer is called biologi- 
cal apatite. Neo et al. [14] observed under trans- 
mission electron microscopy that the chemical 
apatite and the biological apatite were inter- 
mingled at the bone bonding interface (Figure 
3.5). The HA implant also showed similar bone- 
bonding morphology under transmission 
electron microscopy, but HA took longer than 
Bioglass® or AW-GC for bone bonding. This is 
presumably due to the fact that HA consists 
solely of crystals, while others contain the glass 
phase which is dissolved faster than the crystal; 
also, dissolved HSiOj" ions might provide favor- 
able sites for nucleation of the apatite [15]. 

Yamamuro et al. [16] replaced vertebral 
bodies of sheep with a vertebral prosthesis 
made of AW-GC and found that the prosthesis 
bonded directly to the adjacent vertebrae within 
about one year (Figure 3.6). Then, using AW-GC, 
various bone prostheses were fabricated such 
as iliac crest prostheses, vertebral prostheses, 
intervertebral spacers, and laminoplasty spacers 
(Figure 3.7) [17]. The iliac crest spacer is used 
to substitute a bone defect remaining after har- 
vesting a large bone graft from the iliac crest in 
various orthopedic operations. The vertebral 
prosthesis is used as a substitute for vertebral 
bodies suffering from benign and malignant 
tumors, compression fractures, and burst frac- 
tures (Figure 3.8). The intervertebral spacer is 
used for interbody fusion through either an 
anterior or posterior approach (Figure 3.9). The 
laminoplasty spacer is used to maintain bilat- 
eral laminae opened after surgical enlargement 




28 



Biomechanics and Biomaterials in Orthopedics 



Schematic representation of apatite formation 
on glass-ceramic A-W 



Na* K* 01“ HCO3' 

Body fluid 




Glass-ceramic A-W 



Figure 3.4. Schematic representation of apatite formation on AW-GC. 




Figure 3.5. a A contact micro-radiograph showing the bone bonding between AW-GC implant and newly formed bone, b A transmission electron 
micrograph showing the bonding interface between AW-GC and bone. AW: AW-GC crystals, B: bone tissue. 
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Figure 3.6. a X-ray showing an AW-GC implant used for interbody fusion of the lumbar vertebrae of a sheep, b A contact micro-radiograph demon- 
strating direct bonding between the AW-GC implant and bone trabeculae of the lumbar vertebrae, one year post-implantation. 




Figure 3.7. Various bone prostheses. A: vertebral prosthesis, B: intervertebral spacer, C: iliac crest prosthesis, D: laminoplasty spacer. 
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Li Fracture 




Figure 3.8. a X-ray demonstrating Li burst fracture associated with paraplegia developed In a 48-year-old male, b Postoperative X-ray showing a 
vertebral prosthesis used for the reconstruction of the lumbar spine. 
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a 1^ b 



Figure 3.9. a A case of multiple degenerative spondylosis of the lumbar spine developed in a 58-year-old female, b Postoperative X-ray showing 
the results of postero-lateral interbody fusion using intervertebral spacers made of AW-GC. 





Figure 3.10. a Laminoplasty spacers made of AW-GC. b CT images of a 54-year-old male suffering from cervical myelopathy due to spondylosis 
(upper row). Enlargement and reconstruction of the spinal canal was performed by the use of laminoplasty spacers in four levels (lower row). 
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Figure 3.11. a A giant cell tumor developed in the proximal tibia of a 1 5-year-old female, b Ten years post-implantation of an AW-GC block that 
was used in combination with autogenous bone chips to replace the tumor. No clinical symptoms postoperatively. 



of the cervical spinal canal in degenerative 
spondylosis and ossification of the posterior 
longitudinal ligament (Figure 3.10). AW-GC has 
also been used as a bone substitute in the form 
of either blocks (Figure 3.1 1) or granules. When 
bioactive ceramic granules are used as a bone 
void filler together with fibrin glue, osteo- 
conduction and bone bonding are accelerated. 
AW-GC is also widely used for bioactive coating 
of hip prostheses. Its details are described in 
the chapter on Ceramic Coating. 
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In times of change, learners inherit the earth, 
while the learned find themselves beautifully 
equipped to deal with a world that no longer 
exists. 

(Eric Hoffer) 



Introduction 

Tissue adhesives have important applications in 
clinical practice. These biological glues, most 
especially fibrin, have nowbeen used in European 
countries for several decades for tissue welding, 
as hemostatic agents in the control of bleeding, as 
fluid and gas barriers in fistulas and vascular 
grafts, as well as in meningeal- and pulmonary- 
puncture coatings, and, not least, as implants, in 
which situation they have served as scaffolds 
and/or as drug-delivery vehicles in wound 
healing. Fibrin has recently been approved for 
clinical use in the USA, albeit solely in the capac- 
ity of a surgical hemostatic homeostasis agent. 

Tissue adhesives possess properties which 
render them of particular value in wound care. 
Unlike most dressings they adhere to the lesion 
and conform to its contours. They can also bond 
two pieces of tissue together during the course 
of healing without engendering the uneven dis- 
tribution of stress evoked by suturing, which 
can lead to localized trauma, scarring, dehis- 
cence, or fistularization. In most instances they 
can also be applied more rapidly and with 
greater ease than is possible with suturing. Fur- 
thermore, their applications are more diversi- 
fied in that they can be used for attaching 
implants to host tissue, for sealing tissue, and for 
inducing hemostasis. The ability to undergo 
degradation at an appropriate rate is a critical 
feature for tissue adhesives. If their breakdown 
is too rapid, then they will be deficient in 
bonding strength, which will result in prema- 
ture tissue separation. On the other hand, if they 
degrade too slowly, then their physical presence 



may interfere with the process of regeneration. 
The ideal system would be one in which the 
regeneration process itself controls the break- 
down, which could be termed biofeedback- 
controlled degradation. A system of this kind 
would automatically take into account patient- 
to -patient variability in healing rate, would 
adjust the healing rate, and would attune to tem- 
poral fluctuations in this parameter; as such, it 
would have a broad spectrum of applications in 
many tissues with different healing rates. 

These tissue adhesives are often applied to 
injured areas rendering them attractive vehicles 
for the direct delivery of healing substances 
thereto. Antibiotics, for example, can help 
reduce the risk of infection, and angiogenic 
agents can accelerate the process of wound 
healing by stimulating capillary ingrowth. 
Adhesive agents may also be used for the direct 
delivery of chemotherapeutic drugs to tumors. 
Such topical application renders possible the 
use of lower drug doses, thereby minimizing the 
risks associated with the systemic administra- 
tion of high doses. Furthermore, a tissue adhe- 
sive can be designed to release a medication 
over a sustained period of time, thus obviating 
the need for repeated doses. 

Types of Tissue Sealant 

Fibrin 

Chemistry and History of Development 

The hemostatic and sealing effects of fibrinogen 
have been attracting the attention of physicians 
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Table 4.1 . Compositions and mechanical properties of tissue adhesives [9-1 3] 



Tissue adhesive 


Ultimate tensile 
strength (Mpa) 


Young's 

modulus 


Clotting 

time 

(min) 


Incisional strength (kPa) 
Days after surgery 


Skin graft adhesion (kPa) 
Tensile Shear 


0 


4-7 


14 


Methyl-a-CA 


28-55 


210-340 


1 


16 


9 


32 






Propyl-2-CA 






1 


30 


13 


30 






lsobutyl-2-CA 


65 




1 












Heptyl-2-CA 






1 


32 


19 


22 






Fibrin 


0.1-0.2 


0.15 


1-120 




8 


63 


20 


6-30 


Albumin (25)/PEG(15) 






2 




36 


90 




37 


Albumin (25)/PEG (10) 






2 




7 


28 






Albumin (30)/PEG (10) 






2 




13 


27 






MAP 






2-20 












GFR 








62 










Sutures 


0.7 




NA 


8 


16 


53 







Micaceous Bouquique apparently has less weight loss. This b the first series and samples were very small. Although results are interesting as a first series and perhaps indicative, further 
analyses are necessary. 



for more than a century now. Indeed, the use of 
blood preparations with sealing and hemostatic 
properties in wound treatment dates back to the 
end of the eighteenth century [1,2]. In 1909, 
Bergel used fibrin fieece as a degradable hemo- 
static agent [3]. The first recorded use of fib- 
rinogen as a tissue adhesive was in 1940, when 
Young and Medawar employed it for bonding 
first peripheral nerves, and then skin [4]. After 
this time, interest in fibrin as an adhesive lan- 
guished, owing to its inadequate strength and 
premature repair failures. It took a further three 
decades before the concept of a “blood glue” was 
successfully reintroduced by Matras in 1972 [5]. 
He used a cryoprecipitate containing elevated 
concentrations of fibrinogen, factor XIII, and 
fibronectin, as well as of other substances. Later, 
a plasma product employed in factor VIII- 
deficiency therapy was used in conjunction 
with a solution of bovine thrombin. Commer- 
cial versions of this technology, marketed under 
the trade names Tisseel® and Tissucol®, were 
launched in Europe in the early 1980s by 
Immuno AG. Each product is sold as a kit con- 
sisting of two components: (1) a lyophilized 
concentrate of pooled human fibrinogen/factor 
XIII, which is reconstituted with an antifibri- 
nolytic solution; and (2) bovine thrombin, 
which is reconstituted with a solution of 
calcium chloride. A competing fibrin sealant 
product, Beriplast® (Behringwerke, Marburg, 
Germany), utilizes a different fibrinogen/factor 



XIII purification method [6,7]. Another, which 
is prepared by Cohn fractionation (Blood 
Transfusion Centre, Lille, France), is marketed 
as Biocoll® [8]. Table 4.1 details the composi- 
tions of some commercially available fibrin 
sealants. 

Fibrinogen, the structural blood protein that 
is instrumental in clot formation, is converted 
by thrombin into fibrin monomer. These assem- 
ble into fibrils, which eventually aggregate to 
form a three-dimensional fibrous matrix or gel 
that effectively prevents further loss of blood. 
Factor XIII is activated by thrombin in the pres- 
ence of Ca^^, in which state it induces covalent 
bond formation between the assembled fibrin 
monomers. This renders the fibrin gel less sus- 
ceptible to proteolytic digestion by plasmin and 
increases its overall strength and stiffness. The 
fibrin gel adheres to a variety of molecules such 
as collagen and cell-surface receptors, most 
notably integrins on platelets and other cells. 
Fibrinopeptide A, formed during the fibrino- 
gen-to-fibrin conversion, acts as a chemotactic 
agent for polymorphonuclear leukocytes, whilst 
fibronectin, incorporated covalently into the 
gel structure, serves as an attachment site for 
migrating fibroblasts. Fibrin degradation prod- 
ucts, formed during proteolytic digestion of the 
matrix, stimulate the migration of monocytes, 
which then transform into macrophages. These 
cells, in turn, phagocytoze remnants of the 
degrading fibrin network. Neovascularization 
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follows shortly thereafter. This composite of 
fibrin, macrophages, fibroblasts, collagen, and 
vascular buds comprises the granulation tissue 
(Figure 4.1). In its unaggregated configuration, 
is a “sticky” liquid which readily adheres to wet 
surfaces, but once polymerized it forms a semi- 
rigid, hemostatic, fluid-tight adhesive mass, 
which is capable of holding tissue or materials 
in a desired shape. 

Source of Fibrin 

The fibrinogen and factor XIII components of 
fibrin sealants are prepared from blood plasma. 
Variations between products arise from differ- 
ences in the source of plasma, in the mode of 
precipitation, and in the subsequent purifica- 
tion steps performed (if any). The basic 
methods adopted can be broadly categorized 
according to the plasma source: pooled donor 
(commercial) and single or autologous donor. 

Pooled Donor (Commercial): The initial step 
in the preparation of Tissucol® (Immuno AG, 
Vienna, Austria) [14,15] involves the generation 
of a cryoprecipitate, which is then washed 
with a citrate buffer to extract the cold-soluble 
proteins. The extract is lyophilized in a 
citrate-glycine buffer and then pasteurized by 
steam [16]. Behringwerke AG, (Marburg/Lahn, 
Germany) [6] also utilizes cryoprecipitation in 
the preparation of Beriplast®, this step being 
followed by glycine precipitation to further 
purify the fibrinogen. Biocoll® (Blood Trans- 
fusion Centre, Lille, France) is prepared accord- 
ing to Cohn; ethanol fractionation technique 
[8,17]. 

The only reservations expressed concerning 
the use of pooled-source fibrinogen products - 
and these are, admittedly, major ones - relate to 
the risk of transmitting AIDS and hepatitis 
[18-20]. However, according to Hilfenhaus, 
current methods of sterilization render fibrin 
sealants safe with respect to virus infections 
[21], and on the basis of their long-term inves- 
tigations with many patients, Koveker [22], 
Borst, and Haverich claim infection via fibrin 
components to be either very rare or non- 
existent. Despite a large body of supporting evi- 
dence and a patent for the viral deactivation 
process, Immuno AG has only recently (1998) 



gained FDA approval for the restricted use 
(topical applications to help control bleeding) of 
their fibrin sealant [23,24]. 

Single or Autologous Donor: Cryoprecipita- 
tion is the most commonly used method for 
fibrin sealant production in the USA [25,26]. 
The use of single-donor plasma as a source of 
fibrin sealant is popular owing to the simplicity 
of the procedure involved and its conformity to 
standard blood centre practice. 

Gel Structure 

The three-dimensional structure of a fibrin gel 
may be modified by changing any one of several 
parameters: the concentrations of fibrinogen, 
thrombin, or Ca^^; ionic strength; pH; and, to a 
lesser extent, temperature [27,28]. Varying the 
ionic strength or pH will produce “fine” gels 
(pore size <2 jum) whereas these parameters will 
yield “coarse” ones (pore size >2 fim). Polymer- 
ization rate increases with increasing tempera- 
ture, reaching a maximum at 37 °C, above which 
degradation (denaturation) begins. The pres- 
ence of fibronectin does not appear to influence 
pore size or gelation rate, although it decreases 
fibril diameter [29]. Factor XIII has no affect 
either on gel porosity or on other geometrical 
attributes [30]. 

Mechanical and Adhesive Characteristics 

Since fibrin sealants are used not only as tissue 
adhesives but also as physical barriers and 
fillers, both their material mechanics and gluing 
properties must be considered. 

Shear loading of fibrin gels has been exten- 
sively studied under a broad range of conditions. 
“Fine” gels, irrespective of the degree of factor- 
XIII crosslinkage, have a lower shear compliance 
than do “coarse” ones, although they are more 
prone to permanent deformation, i.e., they are 
characterized by a more viscous behavior. 

The tensile mechanical properties of fibrin 
sealants have also been evaluated [31]. Increas- 
ing the thrombin concentration of Tissucol® up 
to 500 units/ml results in an increase in its ulti- 
mate tensile strength and Young’s modulus. 

An in vivo model has been developed to test 
the adhesive strength of Tissucol® in the closure 
of full-thickness incisional wounds within the 
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Figure 4.1. Coagulation and degradation cascades of fibrin tissue sealant. 
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Table 4.2. Composition of various fibrin adhesives 



Fibrin glue 
Pooled-donor source 


Fibrinogen 

(g/l) 


Thrombin 

(units/ml) 


Factor XIII 
(units/ml) 


Tisseel® (Immuno A6, Vienna, Austria) [14,15] 


>75 


400-500 


>10 


Beriplast P (Behringwerke AG, Marburg, Germany) [6] 


65-115 


400-600 


40-80 


Lille (CNTS Fractionation Centre, Lille, France) [8] 


90-95 


? 


25 


Transglutine (CNTS Fractionation Centre, Strasbourg, France) [33] 
Single autologous donor 


>70 


200 


7 


Durham et al. [34] 


18-27 


5-50 


7 


Dresdale et al. [35] 


21-6 


500-1,000 


7 



rodent dorsum [32]. The fibrin sealant repairs 
had a higher bonding strength than did suture 
controls up to the fourth postoperative day, after 
which time no difference between the two 
groups was observed. It was noted, however, that 
in the fibrin sealant group, maximal mechanical 
strength was not attained until 20-40 days 
following surgery, whereas in suture controls, 
it was achieved immediately [8j. Adhesive 
strength was shown to increase with time from 
about 50g/cm^ at 1 minute to 200g/cm^ at 2 
hours. The breaking strength of 1 cm^ grafts of 
human split-thickness skin samples glued with 
a fibrin glue preparation obtained from pooled 
human plasma for 3.5 minutes was demon- 
strated by the same authors to be greater than 
that of sutured ones when separated with a 
dynamometer [8]. Table 4.2 details the compo- 
sition of various fibrin glues. 

Methods of Application 

Commercially available fibrin sealants are sold 
in powdered form as part of a kit, which also 
includes thrombin, calcium chloride, and 
aprotonin. As already mentioned, almost all 
marketed formulations of fibrin sealant are 
purchased as two-component systems, analo- 
gous to epoxy resin catalyst adhesives. Fibrino- 
gen and thrombin components are mixed either 
immediately before their contact with tissue or 
upon the tissue surface itself. Corus Medical 
Corp. has developed a dispenser for the delivery 
of FS in aerosol form [36]. 

Composites 

Fibrin composites combine two or more mate- 
rials with a view to improving mechanical or 



other properties. Glues composed exclusively of 
fibrin are not very strong, and they become less 
so if their porosity is increased to promote vas- 
cular ingrowth. Calcium phosphate salts are 
used in conjunction with fibrin to form a min- 
eralized composite similar to bone. Extracellu- 
lar matrix components of cartilage and bone, 
such as glucosaminoglycans, hyaluronic acid, 
and chondroitin sulfate, would be expected 
to confer viscoelastic properties upon a 
composite. 

Hyaluronic Acid: When mixed with a fibrin 
adhesive, hyaluronan dose indeed increases the 
viscosity of the glue; it has also been shown to 
enhance the quantity of fibrin entering blood 
vessels after reanastomosis [37,38]. 

Fibrin-Collagen: Fibrin-collagen composites, 
prepared by adding fibrillar type I collagen to 
fibrinogen-factor XIII solutions, have a higher 
binding strength than purely fibrinous glues, 
owing to the interaction between collagenous 
and fibrinous fibers [9]. Collagen has also been 
combined with fibroblast growth factor (FGF), 
and heparin complexed to fibrin [39]. In vitro, 
fibroblast growth factor bound to this matrix is 
released rapidly, but only partially, in the pres- 
ence of heparin. Subcutaneous implantation of 
collagen sponges impregnated with the FGF/ 
heparin/fibrin mixture promotes tissue growth 
into the sponges, the resulting fibroblast- 
infiltrated tissue resembling a normal dense 
connective tissue. 

Other Composites: In orthopedic surgery, 
composites are effectively generated by mixing 
fragments of bone or osteochondral tissue with 
fibrin adhesives, these being used for the filling 
of defects [40,41]. A mixture of Triosite® and 
fibrin adhesive has been successfully used to 
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narrow the nasal fossae in patients with atrophic 
rhinitis. 

Albumin 

Serum albumin represents the largest protein 
component of human blood, normally consti- 
tuting 50-60% of its dry mass. It plays an im- 
portant role in plasma-volume regulation and 
in tissue-fluid balance by virtue of its contribu- 
tion to the coloid oncotic pressure of plasma. 
Albumin has a molecular weight of 
66,300-69,000 and a melting temperature of 
63 °C [42]. 

Types of Crosslinked Systems 

Crosslinkage of albumin results in polymeriza- 
tion, when its mechanical properties undergo a 
marked change. Not least, this process confers 
upon albumin excellent adhesiveness. Being 
a naturally occurring protein, externally 
applied albumin will of course be degraded and 
removed by physiological mechanisms during 
the natural course of healing. Human albumin 
has also been used as a vehicle for site-specific 
delivery of growth factors to accelerate tissue 
repair; for example, after wound closure by laser 
welding [43-48]. For such purposes, albumin is 
generally utilized in the form of microspheres. 
Various agents have been employed for the 
crosslinkage of such microbeads, including glu- 
taraldehyde, dexamethasone [49], and radiation 
[50,51]. In the latter instance, however, special 
facilities are required. Glutaraldehyde-albumin 
microsphere complexes have been not infre- 
quently used as vehicles for the delivery of pro- 
teins and polymers, including progesterone, 
insulin, heparin, and polyamidoamine polythy- 
lene glycol and polythioetheramido polythylene 
glycol [52-55]. The glutaraldehyde component 
of such systems does, however, have several 
undesired effects; not least, it inhibits cell 
migration and induces a tissue inflammatory 
response [56,57]. The fibrous capsules formed in 
consequence around the microspheres have 
been shown to retard the release of insulin 
carried therein [52,58,59]. Crosslinkage of 
albumin with activated polythylene glycol 
yields a hydrogel which has proved to be useful 



for the delivery of drugs such as ace- 
tominophen, theophyline, hydrocortisone, and 
gentamycin, as well as enzymes such as alkaline 
phosphatase and lysozyme [60,61]. When 
crosslinked with certain activated derivatives of 
polythylene glycol, such as polyethylene disuc- 
cinimidylsuccinate, the adhesive properties of 
albumin are markedly enhanced. In the afore- 
mentioned instance, the peel force (a measure of 
adhesive strength) of albumin has been shown 
to be similar to that of cyanoacrylate (see 
below) and much greater than that of fibrin 
[62,63]. 

Device Coating 

Prostheses become rapidly coated with a natural 
layer of proteins upon implantation, albumin 
constituting a major component of such films. 
Albumin has, indeed, been used as a substitute 
for blood or fibrin in the coating Dacron® vas- 
cular grafts. Although albumin has been utilized 
in both its unpolymerized [64,65] and polymer- 
ized [66-68] forms, crosslinkage is now consid- 
ered to be desirable, in that it renders this 
protein more resistant to degradation and tissue 
ingrowth. Titanium implants coated with car- 
bodiimide-crosslinked albumin inhibit the 
adhesion of both Staphylococcus aureus and 
Staphylococcus epidermis [67]. The coating 
undergoes little degradation during the first 20 
days following implantation, the adherence- 
inhibition of bacteria being sustained at a level 
of 85% throughout this period. Furthermore, 
coating of hydroxyapatite beads or human teeth 
with crosslinked albumin has been observed 
to suppress significantly the adhesion of oral 
bacteria. 

Cyanoacrylates 

The cyanoacrylates were first synthesized in 
1949, although their adhesive properties were 
not discovered until a decade later [69,70]. The 
methyl-2-cyanoacrylates were the systems ini- 
tially used as surgical adhesives, but problems 
with wettability and histotoxicity led to the 
development of longer-chain homopolymers, 
such as ethyl-2-cyanoacrylate (Krazy Glue®), 
isobutyl-2-cyanoacrylate (Bucrylate®), and 
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butyl-2-cyanoacrylate (Hexacryl®) [71,72]. 
Longer side-chains increase the hardness and 
tensile strength of the adhesive, but at the cost 
of flexibility and degradation rate. During the 
1970s, reports on the histotoxity of Bucrylate® 
and other cyanoacrylates began to appear in the 
literature [73-82]. Since then, Hexacryl® has 
been the system of choice, although this sub- 
stance, too, has been shown to be histotoxic 
when applied subcutaneously [82]. Cyanoacry- 
lates have a thrombotic effect, which is generally 
deemed to be undesirable, but can be useful 
for embolizing arteriovenous malformations 
[83-85]. Owing to their being considered less 
toxic than other classes of cyanoacrylates, n- 
butyl derivatives (Nexacryl, Avacryl, Occyldent, 
and TPS) have been developed for various appli- 
cations, namely, tissue adhesion, tissue sealing 
in periodontal situations, and as drug-delivery 
systems. In general, the n-butyl cyanoacrylates 
have proved to be promising candidates for 
tissue adhesion, owing to their ease of applica- 
tion, reliability, and good bond strength. They 
afford a stronger attachment than do sutures, 
are less expensive, and are more readily admin- 
istered. Doubts have been raised, however, about 
the suitability of these thrombogenic agents for 
well-vascularized tissue. Since cyanoacrylates 
undergo an exothermic reaction during poly- 
merization, these adhesives must be carefully 
designed and applied so as to avoid thermal 
injury to tissues. An additional concern is that 
many therapeutic proteins and medications 
denature or degrade at higher temperatures. 
Although materials can be added to cyanoacry- 
lates to act as heat sinks, this can adversely affect 
the desired mechanical properties and the rate 
of bonding. It is also of signiflcance that healing 
tissue cannot grow through some cyanoacrylate 
adhesives, which can remain unresorbed for 12 
months or longer. But since they form a barrier 
to vascular ingrowth in wounds, they can be 
used to embolize arteries, as mentioned above. 

Mucopolysaccharides 

The blue mussel, Mytilus edulis, synthesizes 
a 3,4-dihydroxyphenylalanine (DOPA)-rich 
polyphenolic protein which mediates attach- 
ment together with other proteins found in the 



byssus via collagenous threads or tethers 
[86-90]. This protein, referred to as the mussel 
adhesive protein (MAP), serves to affix the 
mollusk to rocks or other surfaces in turbulent 
tidal zones. MAP appears to have an affinity for 
both soluble and insoluble collagen. In vivo 
studies have demonstrated that MAP provides 
sufficient holding strength within the first 
minute of secretion, the firmness of the attach- 
ment increasing continually thereafter over the 
course of several hours [88,91,92]. MAP has 
been used as an artificial basement membrane, 
in which situation it permits the diffusion of 
insulin and dextran, two large non-electrolyte 
molecules [90] and because of its adhesiveness 
for cells, it has been employed for the fixation of 
osteoblasts and chondrocytes. Both MAP and 
fibrin glue have been tested in vivo for their 
ability to fix internal chondrocyte allografts. 
Whilst results for fibrin were at best inconclu- 
sive, those pertaining to MAP were considered 
to be highly promising [93]. This natural glue 
may be of clinical use in situations requiring 
permanent adhesion, such as in implant fixation 
in hard tissues. And looking torwards the 
future, if the native strength of MAP could be 
reproduced under high-share clinical condi- 
tions, then it could prove to be indispensable for 
vascular procedures. 

Other Adhesives 

A gelatine-resorcinol-formaldehyde system has 
been developed as a tissue adhesive, its princi- 
pal advantages being that it is readily applied 
and maintains its properties in a moist environ- 
ment [10,94]. Gelatine is denatured collagen, 
the most common structural protein within 
the body. Formaldehyde increases the cohesive 
strength of the adhesive and decreases its solu- 
bility by crosslinking the gelatine. Resorcinol 
reacts with the formaldehyde to further stabilize 
the system and reduce its overall viscosity. As 
yet, the gelatine-resorcinol-formaldehyde 
system has been tested almost exclusively in 
animal models [95-98]. Only a few clinical trials 
have been undertaken, this circumstance 
reflecting concerns for the cytotoxicity of 
formaldehyde and glutaraldehyde. With a view 
to improving biocompatibility, investigators 
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have also tested the effects of incorporating two 
less-toxic aldehydes, namely, pentanedial and 
ethanedial, but no data relating to the use of 
such systems in animal models are available at 
present. 

Orthopedic Applications of 
Tissue Adhesives 

The Influence of Sealants on 
Bone Healing 

Adhesives may offer a number of advantages 
over conventional metal osteosynthesis in the 
treatment of fractures: They improve the ease 
and speed of fixation; and they have the plastic- 
ity to anatomically coapt small fragments, 
thereby obviating the need for hardware re- 
moval. The potential benefits to be derived from 
using a fibrin sealant in osteo-regeneration 
are debatable [99,100], although factor XIII 
itself is known to accelerate bone healing when 
administered systemically, as revealed by testing 
the tensile strength of healed osteotomies 
[101 -1 03]. To study the influence of fibrin on 
bone healing, Bosch et al. [104] created stan- 
dardized cortical defects within rabbit tibia and 
then closed them with homologous plugs of this 
substance [104]. Fibrin accelerated the sprout- 
ing of capillary vessels and the ingrowth of con- 
nective tissue cells, thereby facilitating the rapid 
neoformation of bone. The effects of fibrin were 
first manifested at the edges of each defect 
where intensive osseogenesis was observed 
within 14 days. In control lesions, a homogenous 
connection developed between the callus and 
cortex within 31 days. In this latter group, a scle- 
rosing edge was observed, which corresponded 
to an inactive marginal zone. Use of fibrin 
was also associated with an accelerated rate of 
remodeling and an absence of osteocyte regres- 
sion from the center of the autologous cancel- 
lous bone reimplants [105-108], which indicates 
an earlier onset of nutrition than in the control 
group. Some authors have also investigated the 
influence of fibrin on heterologous cancellous 
transplants (Kiel spongy-bone grafts) [106,107] 
which were osseously connected to the recipient 



bone. The trabeculae became surrounded by 
newly formed lamellar bone and were subse- 
quently resorbed. As a xenogenic replacement 
the Kiel graft possesses no osteogenic potency. 
In the control group, such transplants were 
almost completely resorbed and replaced by 
connective tissue with poor metaplastic bone 
formation. Filling the spongy medullary cavities 
of the Kiel grafts with fibrin sealant improved 
the proliferation of invading vessels - a critical 
event in osteogenesis. Pfliiger et al. [109] have 
improved the osseointegration of stainless steel 
cylindrical implants by increasing their pore 
sizes. The ingrowing bone tissue, which is 
responsible for anchoring the cylinders, was 
incorporated more rapidly in the presence of 
a fibrin sealant. The force needed to remove 
fibrin-fixed implants was greater than that 
required to dislodge control ones. Fibrin sealant 
appears to accelerate the incorporation of 
implants into bone. The reason for this presum- 
ably resides in an improvement in implant- 
immobilization and possibly also in osteogenic 
potency. Schumacher et al. [110-112] have like- 
wise reported the incorporation of alloplastic 
implants into bone to be accelerated by the 
applications of a fibrin sealant [113]. The fibrin- 
sealant system has also been tested in a double 
osteotomy rabbit tibia model, the tibia being 
stabilized by means of DC6 six-hole metal 
plates. In the test group, a 5-mm-long bone 
cylinder was removed, reinserted, and then 
sealed with homologous fibrin. In the control 
group, the cylinder was introduced into the 
surrounding soft tissue and fixed by sutures. 
The fibrin-sealant group revealed better osseous 
integration than did the control one 5-7 weeks 
after surgery. The bending strain quotient (cal- 
culated from the bending strain of the operated 
and of the healthy contralateral tibia) was 
significantly higher in the fibrin-sealant group 
after the fifth week (p < 0.05). But after seven 
weeks, no difference was apparent between the 
two categories. The fibrin sealant appeared to 
have accelerated the healing of the reimplanted 
bone cylinders not by virtue of its osteogenic 
potency but by preventing the formation of 
large hematomas and by improving the anchor- 
age of the said bone cylinders. Albrektsson et al. 
[114,115] were unable to demonstrate any posi- 
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live effects of fibrin sealant on initial osteogen- 
esis using a newly developed bone-growth 
chamber. Early bone growth appeared rather to 
be delayed and the results did not support those 
reported by Pfliiger et al. [109,116,117]. The 
authors believed that their failure to demon- 
strate the osteogenic potency of fibrin lay in this 
agent’s coming to lie within a titanium tube that 
formed a part of their system, which ruled out 
biological degradation. Unless fibrin undergoes 
degradation by tissue plasminogen activators 
and by cells such as polymorphonuclear neu- 
trophils and macrophages, it may persist locally 
for days and form a barrier to natural tissue 
growth [40,118]. Zilch and Noffke [111,112,119] 
have performed animal experiments similar to 
those conducted by Bohler et al. They observed 
no significant difference in the quantity of 
newly formed bone laid down between control 
and fibrin-treated groups after the third week. 
But after four weeks, microradiographic exami- 
nation revealed the amounts in each case to be 
46.5% and 52.3%, respectively. Albeit so, fibrin 
had exerted no influence on remodeling into 
lamellar bone at this stage. Lucht et al. [120,121] 
have studied the effects of fibrin on bone for- 
mation and regional blood flow in autologous 
cancellous bone transplantation. They observed 
no significant influence of this agent on either 
of these parameters, although it had a tendency 
to diminish new bone formation in some grafts. 
These blood-flow findings are in contrast to 
those reported by other investigators, who have 
demonstrated that fibrin sealing accelerates vas- 
cularization [111,112]. In a study performed on 
Sprague-Dawley rats, using the nasal critical- 
size defect model, Tholpady et al. [122] have 
shown that osteoprogenitor cells contained 
within the fibrin sealant augment bone regener- 
ation. The potential of fibrin glue to improve the 
fusion of bone grafts has been investigated 
in various animal models. In one such study 
involving cats, cortico-cancellous bone grafts 
(derived from the disc space in the anterior cer- 
vical region) were fused together with a fibrin 
adhesive (Tisseel®). The authors observed that 
the allograft fusion mass was more voluminous 
in control (untreated) animals than in fibrin- 
treated ones, as revealed by CT measurements. 
In another study using cats, Turgut et al. [123] 



reported local sealing with fibrin to significantly 
retard osteogenic fusion in a cortico-cancellous 
bone grafting model, this finding having been 
attributed to reduced vascularization of the 
graft as well as to diminished new-bone forma- 
tion. These authors concluded that fibrin sealant 
was not suitable for the fixation of bone frag- 
ments in anterior cervical fusion. In a similar 
study conducted with mongrel dogs (spinal- 
fusion model), Jarzem et al. [124] demonstrated 
that Tisseel®-treated allografts had a signifi- 
cantly smaller fusion volume than did controls 
(as revealed by computed tomographic volu- 
metric analysis). They, too, were of the opinion 
that Tisseel® is not an ideal material for achiev- 
ing or augmenting intervertebral arthrodesis 
[124]. Plaga et al. [125] have compared the 
results achieved using a fibrin sealant, polydiox- 
anone pins, and Kirschner wires in the fixation 
of standardized rabbit-knee osteochondral frac- 
tures within the medial femoral condyle. In the 
fibrin-treated group, fracture healing occurred 
in only 50% of cases as compared with 100% in 
the Kirschner-wire one. 

Sealants in Bone Replacement 

Using a femur of iliac-crest defect model in 
rabbits, Palacios-Carvajal and Moina [126] have 
compared the results achieved by implantating 
either tricalcium phosphate (TCP) mixed with 
fibrin sealant or TCP alone. In the fibrin 
sealant/TCP group, a dense network of osteoid 
tissue surrounded each ceramic grain, whereas 
in the TCP group (no fibrin sealant), only a 
narrow and a discontinuous layer of osteoid 
material mantled each particle. Histomorphom- 
etry revealed a difference in osteoid thickness of 
about 15% between the two groups. A similar 
study has been carried out by Siebert et al. [127] 
using a rat femur defect model. The plasticity 
of the implant was considerably improved 
by adding the fibrin sealant to TCP, but after 
40 days, all defects in each of the groups 
[TCP/fibrin sealant and controls (open defects)] 
were alike filled with spongiosa. An experimen- 
tal study has also been performed to evaluate 
the influence of fibrin on bone morphogenic 
protein (BMP) -dependent osteoinduction in 
rats [128]. Autolyzed antigen-extracted alio- 
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geneic bone or bone gelatine implanted within 
a muscle bed invariably led to new bone forma- 
tion. Addition of allogeneic fibrin to the 
implants had no influence on the histological 
result achieved after 21 days. Allogeneic bone 
gelatine, both with and without allogeneic 
fibrin, has also been implanted within 7 mm 
diameter in trepanation defects in given animal 
[129]. After 26 days, histomorphometric analy- 
ses revealed identical findings in each group, 
most of the defects having been bridged with 
lamellar bone and marrow being apparent 
between the trabeculae. No influence of fibrin 
has been demonstrated on osteoinduction 
either in rats [99,100] or in adult rabbits (five 
years after surgery) [129]. On the other hand, a 
positive influence of this sealant on the repair of 
cancellous bone cavities filled with a porous, 
resorbable ceramic has been reported by Kania 
et al. [130]. These authors tested the effects of 
two fibrin sealants: Autocolle® and Tissucol®, 
the former having been enriched with platelet 
factors during its preparation. Cavities 10 mm 
deep and 5 mm in diameter were drilled in the 
lateral condyles of 45 New Zealand rabbits. 
These were then filled with either coral gran- 
ules, a mixture of fibrin sealant (Autocolle® or 
Tissucol®) and coral granules, or left empty. One 
month later, the fibrin (Autocolle® or Tissu- 
col®)/coral mixture had elicited a significant 
increase in bone formation compared to the 
result achieved using coral alone. After two 
months, a marked enhancement in fibrin- 
mediated bone repair was observed only with 
Autocolle. By the six-month stage, the degree of 
bone formation was similar in each group and 
comparable to the physiological picture in 
normal, untreated animals. Control cavities, on 
the other hand, were filled exclusively with 
fibrous connective tissue at this latter juncture. 
Fibrin scaffolds have been shown to serve as 
suitable carriers for pluripotent mesenchymal 
cells in the reconstruction of critical-size bone 
defects, as demonstrated by Perka et al. [131] 
using New Zealand white rabbits. 

Matsumoto et al. [132] have used fibrin as a 
carrier for analogous bone dust in the repair of 
craniotomy defects. This mixture conformed 
readily to the defect contours and yielded favor- 
able cosmetic results 1-5 years after surgery. 



Fibrin Sealant in Cartilage Repair 

In cartilage surgery, fibrin adhesives have been 
employed in various capacities, but with the 
common aim of boosting the repair process. As 
in other fields, these substance have been 
utilized as scaffolds to support the ingrowth of 
host tissue, as carriers for transplanted cells, as 
vehicles for the site- specific delivery of drugs, 
and as glues for implant anchorage. 

In vitro studies have indicated that fibrin 
glues release platelet-derived growth factors 
and transforming growth factor beta which 
promote the migration of chondrogenic cells 
into the defect volume, their proliferation 
therein and subsequent differentiation into 
chondrocytes, this phenotypic expression being 
accompanied by the synthesis of a cartilaginous 
matrix [133]. In vivo, treatment of rabbit-knee 
osteochondral defects with the fibrin adhesive 
Tisseel® did not merely have an effect on the 
natural repair process, but actually inhibited it 
[134]. Inclusion of growth hormone did not 
improve the situation. Furthermore, the same 
authors found that whilst cultured chondro- 
cytes migrated readily into both human and 
rabbit clots under in vitro conditions, they failed 
to penetrate Tisseel® gels [134]. 

Although Tisseel® apparently inhibits the 
migration of chondrocytes into its substance, 
cells artificially lodged within such gels during 
their polymerizations do not appear to be dele- 
teriously affected by this milieu. Homminga 
et al. [135] demonstrated that chondrocytes not 
only retained their phenotype within fibrin 
glues (Tissucol®) maintained in culture but also 
underwent mitotic division. However, as soon 
as the fibrin clots started to disintegrate 
(after seven days), the chondrocytes began to 
dedifferentiate. 

Instead of chondrocytes, chips of devitalized 
allogenetic cartilage have also been embedded 
with fibrin glues during their polymerization 
[136]. Twelve weeks after implantation on the 
backs of nude mice, not only was the initial mass 
of such composites retained but also the chon- 
drocyte lodged therein had preserved their 
native phenotype. 

Fibrin products have been widely used simply 
as glues for fixing homologous cartilage 
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implants [137], perichondral grafts [138-146], 
and periosteal tissue to articular cartilage 
[147-151], as well as for securing periosteal 
flaps to host cartilage surrounding defects filled 
with autologous chondrocyte suspensions [152] 
and for plugging lesions containing chondro- 
cyte allografts [153-155]. In this latter instance, 
the resurfacing results achieved using fibrin 
were found to be superior to those realized 
using non-grafting controls, and the tissue laid 
down during its remodeling contained a higher 
concentration of aggrecans and type II collagen 
molecules. However, a general survey of the 
findings pertaining to fibrin’s efficacy as an 
adhesive or sealant do not yield an overriding 
good or bad impression, the data and experi- 
mental conditions employed being too variable 
to warrant the drawing of a valid conclusion. 
One feature that may have contributed to the 
unpredictable results is the intrinsic anti- 
adhesiveness of cut cartilage tissue surfaces 
(which may vary according to the experimental 
conditions operative), this property being 
attributable to extracellular matrix proteogly- 
cans, especially decorin and biglycan [156,157]. 
Superficial removal of such matrix macromole- 
cules, achieved by treating defect surfaces with 
chondroitinase ABC or trypsin [158], has been 
shown to improve the adhesiveness of fibrin 
matrices to the floor and walls of purely carti- 
laginous lesions. Apropos of this, tissue- 
engineered cartilage produced using a fibrin- 
based polymer has been demonstrated to 
adhere well to native cartilage. When this 
product was used to join two pieces of native 
cartilage in nude mice, the strength of the 
bonding achieved significantly exceeded that 
realized with a commercial fibrin glue [159]. 

Sealants in Trauma/Reconstructive 
Surgery and Soft-tissue Co-optation 

Fibrin matrices have been applied in diverse 
clinical situations, including cardiovascular 
surgery, neurosurgery, ophthalmic surgery, 
general/trauma surgery, plastic surgery, middle 
ear, [160] and orthopedic surgery. In cardiovas- 
cular surgery, fibrin has been used as a hemo- 
static sealant in the attachment of vascular 



grafts, cardiovascular patches, and heart valves, 
to preclot porous vascular grafts, and to seal 
ventricular septal defects. In neurosurgery, it 
has been utilized for peripheral nerve reattach- 
ment and to prevent cerebrospinal fluid leakage 
during dural sealing [161]. Cyanoacrylate adhe- 
sives have likewise been successfully employed 
to seal experimental dural leaks, but they evoke 
a stronger inflammatory response than fibrin. In 
ophthalmic surgery, fibrin adhesives have been 
used to reattach retinas and to seal perforated 
corneas. In trauma surgery, fibrin has served as 
both a sealant and a hemostatic agent in the 
repair of spleen, kidney, and liver ruptures 
[162-168]. Topical application has proved to be 
effective for less serve injuries, as has intra- 
parenchymal injection for more severe ones 
involving larger vessels [166]. In patients with 
non-suturable hemorrhages, the spraying of 
fibrin glue in aerosol form has been shown to be 
efficacious in staunching blood flow, especially 
from parenchymal organs, skin-graft donor 
sites, and retroperitoneal and pleural surfaces 
[164]. Fibrin glues have also been successfully 
used to repair esophageal perforations, pul- 
monary air leaks, and fistulas in both animals 
and humans [169]. In general surgery, fibrin 
matrices have been widely employed for pack- 
aging and hemostasis in plastic surgery, and 
have been utilized for blepharoplasty, face lifts, 
and rhinoplasty [170,171]. Skin grafts have been 
successfully affixed using fibrin adhesives, even 
in regions of complex anatomical contouring 
such as the hands. In such instances, they ensure 
a firmer attachment than do sutures when the 
source is autologous [172,173]. Fibrin has 
proved to be especially useful for the fixation of 
skin grafts in topographic locations that do not 
lend themselves readily to bandaging [174]. 

In orthopedic surgery, fibrin has been found 
to be a useful alternative to suturing for rup- 
tured Achilles’ tendons. In a prospective study 
conducted at the trauma centre in Zurich, they 
were either treated with a fibrin sealant or 
received sutures. Of the 25 individuals (56%) 
who were sutured, rerupturing occurred in 
three cases (12%) after 8-10 weeks, whereas 
only one (5%) of the 20 (44%) who were treated 
with fibrin suffered this occurrence. The period 
of time elapsing before patients were deemed fit 
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to resume social and recreational activities was 
nine months in the former group of patients and 
seven months in the latter. The long-term func- 
tional and cosmetic results achieved were sig- 
nificantly better after treatment with fibrin than 
after suturing [175]. 

In an experimental study using rabbits, 
however, no significant difference in the histo- 
logical appearance and tensile strength of 
sutured and fibrin-treated Achilles tendon rup- 
tures were observed up to 27 days after surgery 
[176]. 

The effect of fibrin sealants on adhesion in 
flexor tendon surgery has been investigated in 
both immobilized and active weight-bearing 
rabbits’ paws [177]. Partial lacerations were pro- 
duced and either sutured or sutured and glued. 
In immobilized tendons, no difference in the 
strength of the adhesion achieved was observed 
between the two groups. But in mobile ones, the 
gross and microscopic appearance, as well as the 
strength of the bonding attained, were vastly 
superior in the fibrin group. 

Several investigations have been performed 
to ascertain whether the strength of bone- 
tendon junctions can be improved by use of 
a fibrin sealant, employed either alone or in 
conjunction with bone morphogenetic protein 
(BMP) [178,179]. Fibroblasts and undifferential 
mesenchymal stem cells were found to migrate 
into the critical zone, wherein they led to an 
early and accelerated restoration of the tissue 
surrounding the tendon. Early union of the 
tendon with the bone was achieved in both 
groups, but neither fibrin alone nor the 
fibrin/BMP combination contributed to enthesis 
formation. 

In meniscal surgery, it is now becoming clear 
that a combined approach, involving the inser- 
tion of a structural fibrin matrix reinforced with 
collagenous material, is probably advisable. 
Using such a composite, the stability of longitu- 
dinal meniscal tears is enhanced, due both to 
improved tissue adhesion at the onset and to the 
induction of an earlier and more exuberant 
fibrous response. But for more complex rents, 
healing poses more of a problem. Although 
various measures have been adopted to enhance 
repair (e.g., the use of growth factors, synthetic 
matrices, or stem cells), the results are as yet 



speculation concerning their potential for clini- 
cal application. It is worthy of note, however, 
that in various animal models [180-183], use of 
fibrin sealant together with endothelial cell 
growth factor enhanced neovascularization and 
the formation of granulation tissue, which 
accounted for the improved repair results 
achieved in a vascular portion of the menisci. 
The repair of white-white meniscal tears still 
represents something of an enigma. Although 
various techniques such as fibrin clot implanta- 
tion and synovial abrasion have been shown to 
improve the healing rates in certain red- 
white meniscal lesions [184-188], the results 
obtained for white- white ones have not been 
encouraging. 

Tissue Adhesives as Drug 
Delivery Systems 

One of the most promising attributes of tissue 
adhesives is their potential to serve as scaffolds 
for the ingrowth of cells and the deposition of 
repair tissue, and as vehicles for the delivery 
of biological-response modifiers, such as 
cytokines, growth factors, or receptors. Angio- 
genic substances are particularly promising 
candidates for such situations, because wound 
healing depends critically upon adequate tissue 
perfusion or blood flow. Repair cells such as 
fibroblasts require oxygen for their many func- 
tions, including proliferation, migration, attach- 
ment, and protein production. Hence, their 
proximity to a capillary bed will have a direct 
influence on their activity level as well as on 
their survival. The capacity of fibroblasts to 
migrate into a provisional repair matrix will 
thus depend on the vascularity of the tissue bed. 
But blood vessels require a scaffold to support 
their ingrowth, in which capacity either the 
implanted matrix or the collagenous network 
laid down by the fibroblasts themselves can 
function. Fibroblasts, together with the collage- 
nous meshwork they produce, therefore grow 
into the implant just ahead of the blood vessels. 
The oxygen gradient will be such as to provide 
the necessary high tension for fibroblasts at the 
edge of the wound, but a low one at its center. 
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which will conduce macrophages to release the 
cytokines that will stimulate chemotaxis, 
mitosis, and other events constituting an inte- 
gral part of the healing process. The use of a 
degradable matrix to deliver biological- 
response modifiers can protect these agents 
until they are released, this being expedient 
owing to their short half-lives in vivo. This cir- 
cumstance has hitherto posed a stumbling 
block in clinical studies, having led to reduced 
efficacy and/or the increased expense associated 
with daily administration. 

Applications in Wound Healing 

Fibrin would appear to be a good choice for 
many wound-healing applications owing to its 
hemostatic and angiogenic effects. The addition 
of growth factors or other substances to such a 
system would further enhance its potential for 
healing. For agents that diffuse readily out of the 
matrix, simple diffusion models can be used to 
estimate their rate of release, but in other cases 
(such as when growth factors or other thera- 
peutic peptides are employed), binding to fibrin 
may occur, in which instance release would be 
tied to the degradation of the matrix. Since 
tissue enzymes control the breakdown of fibrin, 
the release of bound drugs is controlled by a 
biofeedback mechanism. Fibroblast growth 
factor 1 (FGF-1) is commonly selected as the 
angiogenic agent of choice for inclusion in 
fibrin scaffold. Both in vitro and in vivo studies 
have indicated that the tissue repair response 
elicited is dose dependent, maximal effects 
being attained using intermediate doses. Inter- 
estingly, the strength of the fibrin clot has been 
found to increase, and its degradation rate to 
decrease, as a function of increasing FGF-1 con- 
centration. When used in open skin wounds, the 
fibrin/FGF-1 system has yielded better overall 
healing results than any other treatment, com- 
plete re-epithelialization being achieved with 
minimal tissue contraction. Albumin matrices 
have also proved to be promising vehicles for 
drug delivery in wound-healing applications. 
Albumin, like fibrin, is degraded by physiologi- 
cal processes, and, possessing drug-binding 
regions, can serve as a controlled-release system 
for therapeutic agents. The local concentration 



of a particular drug will be determined by its 
albumin-binding affinity. 

Design of Drug-delivery System 

Apart from the aforementioned applications in 
wound healing, tissue adhesives can also be 
used to delivery medications to specific areas of 
the body, thereby localizing the release of the 
therapeutic agent to the intended site of action 
[9,189]. Consequently, less toxic doses can be 
employed than when the drug is administered 
systemically, non-specific side-effects being 
thereby largely avoided. For example, 
chemotherapeutic agents used in the handling 
of cancer have been incorporated into tissue 
adhesives and applied topically to the area of 
surgical tumor resection to destroy any remain- 
ing cancerous cells [190]. Likewise, fibrin adhe- 
sives containing cefotaxime mixtures have been 
utilized locally to treat osteitis in human sub- 
jects [191]. With natural biomaterials such as 
fibrin and albumin, biological-response modi- 
fiers can be carried in several ways. They can be 
entrapped within the polymerized matrix by 
attachment to its polymer chains, or incorpo- 
rated during the matrix polymerization process 
itself. If in this latter case the active agent is 
larger than the intrafibrillar pores, its release 
will be coupled to the degradation of the mate- 
rial, i.e., under biofeedback control. Moreover, 
matrix degradation begins at the wound edge, 
which will provide the appropriate drug gradi- 
ent to further stimulate angiogenesis and tissue 
healing. Overall, these studies point to the feasi- 
bility of using natural biomaterials not only as 
tissue adhesives, but also as angiogenic tissue 
scaffolds. Such systems can protect the biologi- 
cal-response modifier up to the time of its 
release, serve as biofeedback-controlled drug 
delivery systems, and provide an adherent tissue 
scaffold during healing. In the case of fibrin, its 
adhesive properties do not suffice for a number 
of applications; and, unfortunately, manipula- 
tions to increase its porosity lead to a further 
depreciation of this quality. Current efforts to 
improve the adhesive properties of fibrin via 
chemical modification or by combining it with 
other materials have met with encouraging 
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results, and these avenues are thus deemed 
worthy of further exploration. 

Conclusions 

Purified sealants of human origin have under- 
gone considerable scientific development, with 
their viral safety having been demonstrated 
and their hemostatic effectiveness established 
beyond dispute. Since different applications 
(e.g., hemostatic agent, sealant, drug-delivery 
system, and tissue scaffold) require particular 
attributes, the ideal tissue adhesive is defined in 
terms of its intended use. But certain features 
are called for in all systems, namely, ease of han- 
dling and biocompatibility. To satisfy the former 
requisite, the adhesive should be moderately 
viscous so that once applied it remains in the 
field, but yet spreads readily and conforms to the 
wound contours. For most applications, it also 
needs to set rapidly. For biocompatibility, 
both the host response and the degradation of 
the implant need to be optimized for each ap- 
plication. Tissue compatibility is a major 
concern with both cyanoacrylates and gelatine- 
resorcinol-formaldehyde composites, since 
both systems deliver formaldehyde and other 
cytotoxic products, which provoke inflamma- 
tion. Although these systems have the greatest 
initial strength, the nature of the host response 
limits their utility. Natural tissue adhesives such 
as fibrin and albumin not only possess an inher- 
ent bioactivity, but are also amenable to struc- 
ture modification to improve their porosity, and 
can serve as vehicles for the delivery of agents 
to augment their own healing properties. Efforts 
to develop a clinically approved cyanoacrylate 
that will evoke a more muted host response are 
nevertheless deemed merited. The mechanical 
properties of a tissue adhesive at the wound 
edge are also of importance for many applica- 
tions, and should be comparable to those of the 
adjacent native tissue. Although natural adhe- 
sives tend to be weaker than artificial ones, the 
sacrifice in initial strength is often compensated 
for by a swifter repair response and more com- 
plete healing. Not all features desired from a 
biological point of view are mutually compati- 
ble from a structural one within a single matrix 



construct, and a working compromise between 
initial strength, degradation rate, and healing 
rate is thereby necessitated. 
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Introduction 

When there is a considerable loss of bone sub- 
stance after the excision of a large tumor in the 
pelvis, it is always difficult to reconstruct the 
cotyloid cavity. A massive metal prosthesis fixed 
on the remaining bone with a plate, screws, or 
cement is often unstable. Fixation of the greater 
trochanter on the remaining bone, whether the 
sacrum or the wing of the ilium or, as some 
authors suggest, the fact of leaving a swinging 
hip, makes it difficult for the limb operated on 
to bear weight. We are of the opinion that the 
best way to return relatively satisfactory func- 
tion to the limb is to replace the head of the 
femur, using a massive allograft. Autografts are 
not sufficiently large to replace the loss of 
substance, even though they alone are osteo- 
forming and when incorporated into the 
skeleton have undeniable mechanical proper- 
ties. Other types of grafts have to be used. Our 
decision to use a massive allograft is essentially 
linked to the rapid muscular refixation which it 
allows and the anatomical reconstruction of the 
pelvic ring on which a normal hip prosthesis has 
to be supported. 

Since 1982, we have chosen to use massive 
cryopreserved and non-irradiated allografts 
because the experimental and clinical results 
seem to show that secondary irradiation of the 
allografts significantly reduces their mechanical 
strength in the short and medium term (and 
does not give complete safety from viruses). We 
prefer to use a bone removed under sterile and 
safe conditions at the fourth month rather than 
a bone removed under non-sterile conditions 
and irradiated later. The irradiation of tissue in 
the paste phase (as frozen bone is) requires 



doses of irradiation which are far higher than 
those usually used, or for the graft to be thawed. 
Freezing it again subsequently is not biologi- 
cally satisfactory in our opinion. If the intention 
is to irradiate it before freezing, the waiting 
times are harmful to the mechanical quality of 
the bone, cartilage, or ligament allograft. 

History 

In 185 AD, Cosmas and Damian, the patron 
saints of surgeons, were canonized because they 
performed a posthumous miracle by grafting 
the limb of a person who had died onto the sac- 
ristan of their basilica in Rome, who had a 
tumor of the tibia. It was the first massive allo- 
graft reported in history (grafting a human 
bone onto another human being). 

Larrey tells the story of a Polish nobleman 
who had been struck by a Tartar’s saber and had 
lost part of the top of his cranium. Seeing a large 
dog passing close by, he decided to graft the 
dog’s cranium onto his head. He then noted that 
it bonded very well. This was the first xenograft 
(graft from an animal onto man). 

As it is not possible to graft a large part of a 
bone or joint from one and the same subject 
onto a different site in the same person (auto- 
graft), it was necessary to develop bone preser- 
vation procedures and to create a tissue bank. 
Ollier (1887) [1] is the nineteenth- century 
author who most studied the various types of 
graft, whether autologous grafts, allografts, or 
xenografts. Many other cases where massive 
grafts were used have also been published by 
Albee (1930) [2], Abbot (1947) [3],Sicard (1949, 
1951, 1952, 1953) [4,5,6,7], Judet (1949, 1952) 
[9,10,11], Ottolenghi (1972) [12], and Parrish 
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(1971, 1972) [13,14], but although in more than 
50% of cases these grafts gave results considered 
to be satisfactory, fifteen to twenty years later, 
the problems posed by removing, sterilizing, 
and storing them deterred some surgeons, who 
turned towards other procedures for recon- 
structing the skeleton. 

The progress made in cryopreservation, as 
well as in understanding the immunological and 
biological information provided by grafts, has 
meant that for 15 years now the use of preserved 
allografts has returned to popularity. In 1979 we 
saw the possibility of preserving large bone and 
cartilage fragments and set up a bone bank in 
Marseilles Poitout (1985, 1986) [15,16,17]. In 
1978 we became interested in the problems 
posed by the removal, preservation, and use of 
bone from bone banks. Several preservation 
methods have been suggested since the use of 
allografts was considered. The techniques 
employed used: 

Liquid preservatives: alcohol, phenol, ether, 
hydrochloric acid, or the sublimate among other 
things adversely alter the bone architecture 
more or less rapidly and destroy the cells inside. 
Furthermore they often have an inhibiting effect 
on osteogenesis, which in general led to their 
being abandoned (Herbert, 1949) [18]. 

Sterilization by boiling: studied by Gallie in 
1912, was heavily used until 1920, in particular 
by Rouvillois’ team. But problems with prepar- 
ing the grafts and the many cases of resorption 
reported meant that this type of sterilization 
was abandoned; it appears to be becoming 
popular again. 

Drying in a vacuum or lyophilization: makes 
it easier to store products prepared by this 
method. However, as it destroys the rigidity of 
the bone structure, it makes them brittle. Bone 
crumbles under cutting forceps and is not 
mechanically adequate to withstand the usual 
mechanical stresses. Therefore, they cannot be 
used to replace massive diaphyseal bone seg- 
ments or articular surfaces (Fasquelle, 1950) 
[19]. 

Ethylene oxide would certainly be an excellent 
method for sterilizing bone grafts if the gas 
stayed inside the tissues during storage and if it 
did not lead to the formation of toxic and even 
carcinogenic products. 



Irradiation has disadvantages as well as 
advantages. The legal dose is 2.5 megarads. At 
this dose we are going to destroy the bacteria as 
well as all the cells but it is not certain that all 
the viruses will be inactivated and destroyed. 
The irradiation dose needed to completely dis- 
organize their DNA or RNA molecules would be 
very high and would at the same time lead to the 
destruction of the chains of protein molecules 
which form the architecture of the bone (Roy- 
Camille, 1981; Hernigou, 1986; Loty, 1988). As far 
as osteocartilaginous parts are concerned, this 
method of preservation cannot be considered 
because it alters the cartilaginous structure 
of the graft profoundly. Therefore, in spite of 
certain undeniable advantages, such as that of 
allowing grafts to be removed in a non-sterile 
environment (which seems to us to be debat- 
able), we have not used it (Kouvalchouk, 1986). 

Bone, cartilage, or ligament grafts are used 
more and more frequently for treating bone 
tumors, performing reconstructive surgery after 
multiple operations such as, for example, on the 
hip and pelvis, or following traffic accidents. For 
the first time we are reconstructing the skeleton 
by bringing in new bone which will assimilate 
to the skeleton in a few months or years, 
whereas, to date, bone fragments were removed 
to be replaced by prostheses, which have a 
limited life. Currently 15-20% of rejections can 
be solved by using anti-rejection drugs 
(Sandimmum®). 

Cryopreservation: Since 1876, Ollier recom- 
mended cryopreservation and had even pub- 
lished an experimental study on processes for 
preserving bone and periosteum grafts at -2 °C. 
In 1948 Jean and Robert Judet defined the broad 
lines of the cryopreservation processes. In 
Aix-les-Bains, Herbert organized the first 
reserve of frozen tissue and in 1951 at the 
Hopital Beaujon in Paris, Sicard created the first 
bank of frozen bone tissue. Since 1979 we have 
been preserving massive osteocartilaginous 
grafts in liquid nitrogen at -196 °C [25,26]. This 
method allows whole bones to be preserved 
indefinitely and preserves the viability of the 
cartilage cells. To prevent ice macrocrystals 
forming, it is necessary to impregnate the bone 
or cartilage tissues with a suitable cryoprotector 
(10% DMSO). If we use relatively conservative 
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storage temperatures (higher than -20 °C), the 
enzymes present in the tissues are not inacti- 
vated and will destroy the graft in a few weeks. 
At -80 °C (the limit for electric freezers), 
enzyme action, although being clearly reduced, 
is not totally prevented, because at this temper- 
ature only the collagenase is inactivated. On the 
other hand, DMSO has a prolonged efficacy 
limit of around -60 °C (eutectic point). Above 
this, the ice macrocrystals can combine again 
into macrocrystals and burst the cells and 
disrupt the architecture. At -196 °C, all enzyme 
activity is stopped and tissue preservation is 
unlimited. The temperature of the graft must 
not be lowered too wuickly and it will be neces- 
sary to vary the rate of the lowering in accor- 
dance with the temperature obtained. After 
studying the percentage of live cartilage cells 
after thawing, it seems to us that the optimum 
curve is 2 °C per minute down to -40 °C, then 5 
°C per minute down to -140 °C, the temperature 
at which the graft is then plunged directly into 
a tank of liquid nitrogen where it will be stored. 

Thawing, on the other hand, has to be quick 
so that the largest number of cells stay alive. 
Plasma or Ringer’s lactate solution at 40/41 ° will 
be used to thaw out and wash the grafts, which 
will also eliminate the DMSO. Bone fragments 
are usable for a period of approximately 24 to 36 
hours approximately two hours after having 
been removed from the liquid nitrogen tank, 
which allows them to be taken to any point in 
Europe. They cannot, of course, be refrozen after 
thawing. 

From 1978 to 1983 studies were carried out in 
the Blood Transfusion Center where a tissue 
bank has been created in order to prepare bone 
for preservation. After various attempts, it was 
decided to use a programmed drop in tempera- 
ture up to -140 °C, with preservation being in 
nitrogen vapor at -150 °C or in liquid nitrogen 
at -196 °C. It was then necessary to develop ways 
of removing the tissue. These discussions took 
place in the context of the national “France- 
Tissues” association, then with the collaboration 
of the French Graft Institute. Ever more strin- 
gent controls make it possible to guarantee the 
sterility of the fragments supplied and currently 
two successive controls, with an interval of four 
months between them, make it possible to 



deliver parts of various sizes four months after 
removal under wholly sterile conditions. In 
order to allow surgical teams from the private 
sector to benefit from the same safety when 
using tissue fragments, we gave them access to 
the bank, where they sent the femoral heads 
removed. The fragments they need are supplied 
to them after the usual sterility checks. In view 
of their number, femoral heads are sent by the 
Tissue Bank on a simple request, but where the 
massive removal of tissue is concerned (femur, 
tibia, pelvis, etc.) performed at the AP-HM (hos- 
pital), the consent of the refer rer is required. 
These fragments, which are few in number, are 
delivered according to the instructions given by 
the surgeons. Grafts are sent throughout France. 
Owing to this chain of goodwill, we have been 
able to carry out more than 5,000 grafts. 

A surgical world first was performed in 1985 
by Professors Poitout and Trifaud, which con- 
sisted of replacing a complete femur with a bone 
from the bone bank sheathing a hip prosthesis 
and a knee prosthesis. However, in order to be 
able to perform these grafts, we should remem- 
ber that they had to be removed and preserved. 
Informing the public and carers is therefore of 
prime importance if we are to collect as many 
grafts as possible which are going to give appre- 
ciable relief to patients for whom other surgical 
techniques would be far too incapacitating. 

Bone Replacement Materials 

Pride of place is currently reserved for bone 
grafts. 

Autografts 

Being osteo-forming, autografts alone can 
induce the formation of new bone and promote 
the healing of a fracture or the assimilation of 
an allograft. 

Allografts 

Immunology of Bone Allografts 

The immune response is said to be matrical 
when there is a specific response to molecules 
isolated from collagen or from proteoglycans. It 
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appears that this response is practically non- 
existent in the case of massive bone allografts. 
On the other hand, the cellular immune 
response caused by cells contained in the bone 
marrow (osteoblasts, osteocytes, fibroblasts, fat, 
vascular, nerve, or hematopoietic cells) is 
important provided, however, that all the cells 
are alive [27,28,29,30]. Clinically, rejection reac- 
tions occur infrequently (10% delay in healing 
and 10% true rejection with the graft having a 
lytic appearance), in spite of the use of massive 
diaphyso-metaphyso-epiphyseal grafts. When 
the osteosynthesis material is removed and a 
few years later a biopsy is carried out at the site 
of the graft, the HLA haplotype is always that of 
the host. And if a systematic study is carried out 
of the HLA groups of donors and hosts every 
month, after an allograft, if a monoclonal anti- 
body specific to the HLA group of the donor is 
used, we can see that in 80% of cases no immune 
HLA antibodies specific to the donor appear. 
The immune HLA groups which may appear 
after the graft are connected with the introduc- 
tion into the body of leukocytes from the blood 
transfusions usually accompanying grafts. The 
preservation methods (lyophilization or freez- 
ing) do not significantly change the extent of the 
immunological responses: 

Fate of the Grafted Tissue 

The allograft does not assimilate with the host 
bone as it is; it undergoes resorption and then 
reconstruction phenomena which end in the 
formation of new bone which, in time, will 
replace the graft [31,32,33]. The mechanisms 
governing the assimilation of the graft are now 
well known and were already being mentioned 
by Sicard more than 30 years ago. 

It is necessary to stress the importance of: 

Age: the younger the graft, the better the assim- 
ilation of the allograft. 

The fixing ability of the graft, which is essential 
if it is to be rehabilitated. Indeed, the precarious 
nature of the vascularization of the graft, par- 
ticularly at the beginning of its recolonization, 
means that it must be particularly firmly fixed 
and attempts must be made to achieve optimum 
contact between the bone surfaces. 



The site of the graft, which is decisive for its 
assimilation (muscular environment). If a corti- 
cal allograft is placed outside its usual location, 
far from a bone bed and an adequate muscular 
environment, it will most frequently be 
resorbed, which seems to indicate that there is a 
local stimulus promoting its incorporation. This 
promoting substance may be Urisfs PBH (or 
even “osteogenin” already mentioned by Lacroix 
in 1950) which is thought to be a substance pro- 
duced by live undifferentiated mesenchymatous 
cells (Urist, 1942, 1967, 1963). 

The size of the graft. 

Initially, the contours of the graft grow blurred, 
the bone becomes rarified and then fuses with the 
adjacent bone. Secondly (around 12-18 months), 
there is densification of the allograft which indi- 
cates the new bone formation which surrounds 
the graft and consolidates it (Buchardt). 

Biomechanics 

The revascularization of the graft will only be 
superficial and only exceptionally and at a very 
late stage will it be possible to see deeper assim- 
ilation of the latter. It also appears to be desir- 
able for this bone lysis to only appear at as late 
a stage as possible because during the period of 
revascularization, the mechanical strength of 
the graft will fall by around 50% between the 
12th and the 18th month and it is therefore nec- 
essary to have attached it sufficiently firmly to 
be able to bear the stresses acting on the graft 
during this period. The mechanical properties 
of the allografts can be adversely changed by the 
preservation and storage processes. Low-dose 
irradiation (less than 2 megarads) only results 
in minor effects on the graft’s strength. Cryo- 
preservation seems to improve the mechanical 
properties of the allografts, the strength of 
which is 1 10-120% of that of fresh bone, but this 
method of preservation of the graft makes the 
diaphyseal cortical bone more brittle and liable 
to breakage. On the other hand, lyophilization or 
massive irradiation procedures on the bone 
parts (over 3 megarads) result in a clear reduc- 
tion in the mechanical strength of the grafts 
(55% in the case of lyophilization and 65-70% 
in the case of massive irradiation of the strength 
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of a fresh bone). When a further operation is 
performed to remove material a few years after 
a graft, the muscles are intimately fixed to the 
bone, through a tissue resembling periosteum, 
and the bone bleeds when this tissue is detached 
(Hernigou, 1988). 

Xenografts 

Xenografts were used several decades ago by 
French teams (Judet-Sicard, Evre, Guilleminet). 
The large number of rejection phenomena they 
caused (more than 50%) resulted in their no 
longer being used, hence the current shortage of 
human grafts. New attempts using different 
sterilization, preparation, or treatment tech- 
niques (lyophilization, ceramization, irradia- 
tion, heating, etc.) are being used in attempts to 
reduce the shortcomings of this type of graft. 

Bone Substitutes 

Artificial hydroxyapatite derivatives (hydroxya- 
patite collagen, hydroxyapatite cements, corals 
or madrepores, vitroceramics or bioglasses) are 
the subject of mechanical and experimental 
studies in order to define their tolerance in situ 
as well as the ways in which they are used. Even 
if some bone substitutes really are colonized by 
the host bone, their mechanical properties are 
currently still inadequate and do not allow the 
use of large fragments in human clinical medi- 
cine. Furthermore, these structures, which are 
often only osteo-conducting and sometimes 
osteo-inducing, do not form new bone (are not 
osteo-forming), and have a tendency to lyse 
rapidly or behave like a sequestrum. 

Reconstructions with 
Massive Allografts 

Bone reconstruction after surgery for excision 
of a tumor poses further problems, not all of 
which have been resolved. In the context of 
massive grafts we will study those used to 
replace diaphyseal fragments or articular sur- 
faces. The use of prostheses sheathed by bone 
from a bone bank is an interim solution allow- 



ing joint solidity and stability to be combined, 
and muscular refixation on the periprosthetic 
bone. This technique should be used each time 
the loss of bone substance and soft tissue make 
revascularization of the graft hazardous. 

Going beyond the indications of bone cavities 
being filled by spongy grafts, and beyond the 
reconstruction of the acetabulum by cortico- 
spongy allografts, it may be useful to have 
larger fragments in the bone bank (such as half- 
pelvises, for example) so that when the acetab- 
ulum is too severely damaged or when there is 
a bone tumor, the half-pelvis can be replaced by 
an allograft into which a total hip prosthesis will 
be fixed. 

Massive diaphyseal or epiphyso -metaphyseal 
grafts will allow the locomotor apparatus to be 
reconstructed after the excision of a tumor or if 
substance is lost after trauma. If the intention is 
to replace a diaphyseal fragment, we believe that 
it is preferable to use centro-medullary nailing, 
leaving the muscle masses in close contact with 
the graft allowing maximum peripheral vascu- 
larization. This nail may have to be locked if the 
upper and lower part of the bone segment of the 
host is small. 

Osteocartilaginous grafts of different sizes 
may be used to replace articular surfaces 
destroyed by a tumor or trauma process. 

Joint Replacement Options 

The use of massive cartilaginous allografts is 
proposed more and more frequently. These car- 
tilaginous allografts often become very well 
assimilated. As cartilage cells do not need to be 
vascularized to survive, they only obtain their 
nutrition from the constituents of the synovial 
fluid. However, in order for the mechanical 
behavior of the graft to be adequate, the cells - 
contained in the cartilage and ensuring that 
it is adequately nourished in relation to the 
hydrophilia of the proteoglycans - are protected 
during the freezing phase. Hence the advantages 
of using a cryopreservative when the tempera- 
ture drops, and the absence of the option of 
using secondary sterilization by heat, gas, or 
irradiation. Particular rigor is required when 
taking and preserving osteocartilaginous parts 
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so as to be certain that the graft is entirely 
sterile. 

Immunogeneity of the Various 
Constituents of Cartilage 

Cartilage is considered to be an immunologi- 
cally favored tissue because the intact cartilagi- 
nous matrix constitutes a real barrier between 
the chondrocytes and the immunologically 
competent cells. 

Chondrocytes have a histocompatibility 
system which is comparable to that of the autol- 
ogous lymphocytes. Langer and Gross have, 
however, shown the development of cell-type 
immunity in the rat. 

Collagen of human joint cartilage is a type II 
collagen, synthesized by the chondrocytes. All 
the collagens can induce an immunological, 
humoral, and cellular response but collagen II is 
the most immunogenic. 

According to Hermann and Friedlander, the 
proteoglycans of cartilage are antigenic. An 
immune response to proteoglycans is possible 
in the case of cartilaginous lesions, whether they 
are inflammatory, infectious, or arthrotic. A 
response of this kind can play a role in the 
induction or maintenance of the inflammation 
and destruction of the cartilage. 

In summary, the constituents of joint carti- 
lage studied separately are antigenic and 
immunogenic, but immunogeneity does not 
manifest itself normally when the various carti- 
lage constituents are intact. Healthy cartilage 
forms a barrier to their penetration (Davies, 
1952; Tomford, 1990) (see Table 5.1). 

Table 5.1. Massive bone and osteochondral allografts: 1978-2000 



Type 


No. of cases 


Spongy, cortical and osteocartilaginous allografts 


871 


Massive diaphyseal and cortico-spongy grafts 


303 


Hip reconstruction 


356 


Spongy (femoral heads) 


286 


Of which 


Acetabula 


49 


5 with the acetabular joint surface 


Half pelvis 


21 


Hip prostheses sheathed with associated bone 


29 


from banks 


Massive osteocartilaginous grafts 


185 


Total 


1,744 



As the joint graft requires capsulo- 
ligamentary coaptation, the collar of the capsule 
taken with the graft can be used, or the capsule 
and the ligaments of the host can be fixed 
directly onto the donor bone by trans-bone 
sutures. This latter method gives better stability 
to the limb. If articular necrosis were to occur, 
this would be painless because of the absence of 
innervation of the bone fragment and would 
only require partial replacement of the articular 
surface using a small prosthesis a few years later. 
The same problem also exists with the possible 
appearance of incapacitating ligament laxity, 
which could in the long-term justify stabiliza- 
tion with a prosthetic ligament or a preserved 
human ligament graft. Our current approach is 
the systematic insertion of a ligament support 
by doubling the ligaments grafted, in order to 
avoid excessive tension on those which are the 
source of the rupture or elongation. 

The risks of secondary deterioration of the 
articular surface connected with ligament sta- 
bility problems has led us to suggest the use of 
prostheses sheathed with bone from a bone 
bank which has the advantage of removing the 
cartilage viability problems with its risks of 
necrosis, and secondary ligament laxity with 
joint instability. The bone allograft which 
sheathes the metal core of a prosthesis allows 
the adjacent muscles to reattach themselves 
rapidly to the grafted area, which gives far less 
variable results in terms of function. Twenty- 
nine reconstructions using hip prostheses 
sheathed with bone from the bone bank have 
been used in association with acetabular grafts 
during the period 1988-2000. 

Removal and Preservation 
of Grafts 

All the allografts were removed during multior- 
gan removals. The grafts were repeatedly 
checked, i.e., checked when they were removed 
and at the fourth month, in the host after three 
successive bacteriological, urological, and 
immunological examinations had been carried 
out. The first on the donor, the second on the 
patients who had been given organs coming 
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from the same donor. Any infection - general, 
viral, parasitic, or tumoral - or a systemic illness 
immediately leads to the destruction of all the 
grafts removed. The grafts are removed in an 
operating theater under surgically sterile condi- 
tions and preserved at -196 °C (in liquid nitro- 
gen, after a progressive lowering of the 
temperature by 2°C/min down to -40 °C, then 
by 5 °C/min down to -140 °C. The DMSO is used 
systematically at a dosage of 10% and put into 
contact with the allograft after the latter has 
been refrigerated when its temperature reaches 
-1-4 °C. The allograft and the DMSO are cooled 
separately and are placed in contact with each 
other at this temperature (above -HlO°C, DMSO 
is toxic to cells). Thawing has to be rapid, i.e., 
1-2 hours, with lavage of the DMSO in Ringer’s 
lactate solution at -1-40 °C. 

Clinical Experience 

The first experimental joint transplants date 
from the beginning of the century, with the work 
of Henri Judet in 1908. The autologous and 
homologous osteochondral grafts performed 
then were complicated by progressive deteriora- 
tion of the cartilaginous tissue with crumbling of 
the subchondral necrotic bone. The first massive 
osteochondral auto -transplants were performed 
by Reeves and Solmes, ( 1966), Judet and Padovani 
(1973), and Goldberg et al. (1973 and 1980). 
Although the articular auto -transplants demon- 
strated excellent viability and are maintained in 
the long term, the allo-transplants produced 
acute rejection which took two forms: 

on the one hand, massive necrosis of the trans- 
plant, 

on the other, thrombosis of the supply vessels 
[43]. 

This was immunological rejection of the supply 
vessels. The transplant was invaded with lym- 
phocytic cells. Necrosis progressed more 
rapidly when a homograft of skin or marrow 
preceded the transplant. Judet and Padovani are 
of the opinion that a purely immunological 
mechanism is involved due to the immediate 
revascularization which created the conditions 
for accelerated rejection by offering immediate 



contact between the antigen and the antibody. 
The delays in assimilation of the graft and its 
quality only appeared to be slightly altered by 
the use of cyclosporine A. 

Immunosuppressant drugs, such as azathio- 
prine, do not significantly increase the survival 
time of the transplants. According to Halloran, 
the anti-lymphocytic serum gives a survival 
time for the transplant of up to 5 months, but 
only in the semi-allogenic grafts, and retains 
identical growth potential to that of the 
contralateral limb. In our experience, which 
between 1978 and 2000 includes 185 massive 
osteocartilaginous transplants, it seems that the 
clinical result is all the more successful if satis- 
factory biomechanical conditions are restored 
to the best extent possible. Histological studies 
performed by drilling under arthroscopy, even 
eight years after the graft, showed that the chon- 
drocytes were alive in most cases and that 
although the superficial layers of the cartilage 
were sometimes changed and fissured, the deep 
layers were generally normal. The absence of 
painful symptoms in patients is a bonus and X- 
rays do not show any necrotic phenomena or 
crushing of the grafts. Some people fear the 
appearance of a tabes-like syndrome when the 
two parts of the joint are grafted jointly. It is true 
that the bone itself is no longer innervated and 
it is unlikely that a new proprioception will 
reappear during revascularization of the bone 
tissue. But the ligaments, muscles, and periph- 
eral vasculonervous elements which have not 
been removed provide the medullary nerve 
centers with information and stabilize the bone 
and cartilage, which in fact behave like a metal 
prosthesis (also not innervated) [44,45]. Clinical 
experience confirms this interpretation, as no 
tabes-like symptoms have been reported, even 
15 years after these types of massive osteocarti- 
laginous grafts were implanted [46,47]. 

Capsuloligament and Articular 
Replacements by Massive Allografts 

Preserving human ligaments in tissue banks is 
also an avenue of research which appears 
promising but which comes up against the 
problem of supplies from tissue banks and of 
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the mechanical behavior of ligaments grafted 
during the period of their revascularization. 

Ligament Allografts 

These have to be removed from young donors, 
so that the force and stress values on breakage 
are close to those of a normal ligament (1,725 
Newtons). The allograft which would best meet 
the morphological and structural criteria 
would, of course, be an anterior cruciate liga- 
ment allograft, however, choosing such an allo- 
graft would lead to considerable technical 
disadvantages and the revascularization of this 
ligament is risky. The patellar tendon can easily 
be removed with its two insertions on the 
patella and the tibia. It is sufficiently long and 
has mechanical properties which are clearly 
superior to those of the anterior cruciate 
ligament even if it is reduced to its central 
third. 

Mechanical Studies 

A graft consisting of the central third of the 
patellar tendon connected to its insertions was 
studied from a mechanical point of view. Creep 
tests as well as traction tests right up to rupture, 
show that: 

freezing does not alter the appearance, color, or 
mechanical properties of grafts; 

an irradiated tendon acquires a cardboard-like 
appearance; 

the fibers of an irradiated and lyophilized 
tendon come apart and they acquire a fibrillary 
appearance. 

The long-term mechanical behavior of these 
grafts in situ can be problematic when being 
revascularized. According to the first clinical 
results, it appears that a considerable percentage 
of residual articular laxity can be seen. The solu- 
tion may be to combine a preserved allograft 
and a reinforcing ligament prostheses which 
would prevent the stresses being exerted 
directly on the allograft during its period of 
rehabilitation (2-3 years). The ligament pros- 
thesis will rupture when the allograft will have 
regained satisfactory mechanical behavior. This 
is the technique we use currently but there is 
insufficient experience of it to be able to publish. 



Only the test of time will confirm whether or not 
we were right to make this choice. 

Surgical Technique for 
Reconstructing the Acetabulum 
and the Pelvis 

The reconstruction of a half-pelvis requires a 
broad approach following in its middle part the 
iliac crest, in its anterior part the crural arcade 
curving in from the pubis along the pubio- 
ischiatic line, and in its posterior part, continu- 
ing horizontally up to the level of the spinous 
processes of the lumbar vertebrae. An extension 
upwards or downwards may make it possible to 
approach the last lumbar vertebrae or the 
sacrum. The initial locating of the external iliac 
vessels, the femoral vessels, and of the crural 
nerve makes it possible to perform a subperi- 
toneal dissection of the tumor which generally 
pushes back the iliac muscle and only exceeds it 
at a late stage. This extension then often contra- 
indicates a carcinological surgical maneuver. 
The prosthesis is inserted and cemented in the 
half-pelvis allograft after fixing the latter by 
anterior and posterior plates screwed into the 
allograft on the remaining bone. When a whole 
half-pelvis is to be reconstructed, the gluteal 
muscles on the one hand and the adductors on 
the other have to be refixed to the bone by trans- 
bone sutures. In order to avoid the occurrence 
of an obturator hernia, the obturator is 
obstructed by a strip of silastic pressed on 
trans-bone sutures at the edge of the obturator. 

The implantation of an acetabular graft may 
justify a simple transgluteal approach main- 
taining the continuity of the gluteus medius and 
of the external vastus muscle in a digastric form 
and retaining the continuity between the fibrous 
tendon and the bone in the greater trochanter. 
After having cut the graft as accurately as pos- 
sible, filling precisely the resected bone, the 
anterior and posterior plates are screwed along 
the whole length of the allograft. The posterior 
plate rests on the ischium and the remaining 
iliac wing. The anterior plate rests on the pubis 
(if necessary the centrolateral pubis) and the 
remaining iliac wing. The prosthetic acetabu- 
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lum is implanted after having synthesized the 
bony allograft. The anchorage holes are drilled 
right into the host bone, therefore allowing the 
cement to bridge the area of the allograft. We 
only insert metal pericotyloidian rings in very 
exceptional cases. Although in our first cases we 
did not routinely insert anti-dislocation rings, 
because of the occurrence of dislocations, we 
have now chosen to insert them routinely. One 
or two rings screwed into the rim of the acetab- 
ulum make it possible to obtain adequate 
mechanical setting of the prosthetic femoral 
head. In the case of operations involving mainly 
the acetabulum, it is generally useless to refix 
the gluteal muscles by trans-bone sutures. 
Only the digastric muscle is closed, and trans- 
bone sutures fix the part of this digastric muscle 
on the greater trochanter. 

If there is infection, surgery should be carried 
out in two stages. The first stage is the ablation 
of all the foreign bodies, prostheses, material, 
cement, and bone as well as all the fistular 
courses and necrotic tissue. The limb is placed 
in traction (trans-femoral traction 1/10 of the 
body weight). A cement spacer containing 
antibiotics can be used to replace the part 
removed. In theory, this method allows the 
infected area to be sterilized locally and keeps 
the space free for the future graft. However, the 
local delivery of antibiotics by the cement 
spacer only reaches the area from its surface 
layers. The antibiotic contained inside the 
cement does not diffuse through this and only 
antibiotic particles at the surface of the cement 
enable antibiotics to be delivered at a bacterici- 
dal dose in situ. This cement is rapidly 
surrounded by a fibrous membrane which is 
impermeable to antibiotics, and in a few days 
the quantity of antibiotics in the bloodstream 
can be seen to drop. This technique is little used 
in the department. Irrigation and drainage may 
accompany this maneuver, delivering antibiotics 
in situ and carrying out mechanical cleansing of 
the infected area. This also makes it possible to 
carry out sampling on the exit drains, in the 
search for residual bacteria, making it easier to 
adapt general antibiotic therapy. 

The second stage is that of reconstruction 
which may be carried out within two months of 
the removal of the infected tissues, and if the 



sedimentation rate is less than 20 in the first 
hour and stable on several successive examina- 
tions, as should also be the case with the C- 
reactive protein level. 

Results 

Complications associated with the use of 
massive allografts are what currently determine 
the limits of this type of surgery, which should 
only be practiced if the excision of the tumor 
has the same carcinological value as an ampu- 
tation, and if draconian precautions are taken 
when the grafts are removed to avoid these 
transmitting an iatrogenic pathology. Prema- 
ture or secondary post-operative deaths were 
only seen in cases of major surgery of the pelvis 
for advanced tumoral lesions. The risks of sepsis 
are comparable in the various groups and are 
essentially linked to the quality of the cutaneous 
scarring under chemotherapy (approximately 
6%). Fractures of the graft occur when the 
osteosynthesis is inadequate or physiotherapy 
is too aggressive (areas unprotected by the 
osteosynthesis material). Non-healing of the 
ends of the bones is very much the exception if 
the junction between the allograft and the host 
bone is surrounded by autologous spongy tissue 
right from the first operation. Articular instabil- 
ity and arthrotic lesions depend on the stability 
of the reconstruction of the ligaments. The car- 
tilage cells are present and, although reduced, 
the thickness of the cartilage guarantees correct 
joint function. No Charcot-type arthropathy has 
been demonstrated, periarticular innervation 
no doubt maintains articular trophicity. 

Discussion 

The revascularization of the graft, its assimila- 
tion to the skeleton, the fate of the grafted car- 
tilage, and that of the ligament formations 
refixed to the graft or used as allografts still 
pose problems which have not been completely 
resolved. These massive grafts have to be 
studied over a longer period but the first results 
after 15 years are promising. The interim solu- 
tion of the implantation of a prostheses 
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sheathed with bone from a bone bank seems to 
be indicated in cases where resection of a tumor 
is large, removing bone, cartilage, ligaments, 
and muscles. By allowing the muscles to be 
refixed onto the graft, these sheathed prostheses 
limit the risks of the stem breaking or becom- 
ing detached. The use of a tibial graft including 
the patellar tendon makes reconstruction of the 
extensor apparatus easier. However, if physio- 
therapy is not started rapidly and continued 
regularly for several months, the graft will 
develop muscular adhesion, which sometimes 
considerably limits the freedom of movement of 
the joints. 



Conclusion 

Massive grafts are used more and more fre- 
quently in current surgical practice. The steril- 
ization and preservation processes make it 
possible to make these bone and cartilage grafts 
easily usable and reliable [48]. 

In biological and clinical terms allografts 
assimilate perfectly to the skeleton but the com- 
plications associated with their use are what 
currently determine the limits of this type of 
surgery, which should only be practiced if the 
excision of the tumor has the same carcinolog- 
ical value as an amputation, and if draconian 
precautions are taken when the grafts are 
removed to avoid these transmitting an iatro- 
genic pathology [49]. 

Although the legislative problems have been 
alleviated since the Cavaillet law of 1976, there 
is still a great deal of opposition of an adminis- 
trative, personal, and psychological nature from 
the public and also from some doctors, particu- 
larly if graft removals are to be performed on 
donors who are brain-dead. 

On 11 July, 1950, during a meeting of the 
Academy of Medicine, Professor Moulonguet 
expressed the wish to see an organization set up 
to remove, preserve, and deliver human organs 
recognized as being necessary for therapy under 
the best possible moral, legal, and scientific con- 
ditions (Moulonguet 1950). [50] 

This discussion is entirely topical, as the Insti- 
tut Fran(;ais des Greffes (French Graft Institute) 



is now being set up (35 years later. Decree of 10 
October, 1994), and although the legal problems 
have been alleviated, there still remains a great 
deal of work to be done in this area because the 
use of human organs currently plays and will 
continue to play an ever greater role in our 
arsenal of therapy options. The use of cryopre- 
served massive allografts is an undeniable 
advance in our arsenal of therapies. 

It is not reasonable, however, to ask of these 
grafts a result which could not be hoped for in 
the treatment of a simple fracture. They are 
often used in extreme conditions and often 
allow results to be obtained in otherwise hope- 
less cases. The last problem which has to be 
resolved is the one concerning the supplying of 
tissue banks with human grafts, because a great 
deal of opposition has to be overcome. Even if 
the legislative problems have been overcome, 
doctors and the public still do not have suffi- 
cient information, and efforts are required from 
everyone in order for the use of human grafts to 
be able to play an ever greater role in the future 
in our therapy. 
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6 Bone Banks: Technical Aspects of the Preparation and 
Preservation of Articular Allografts 

D. G. Poitout and Y. Nouaille-de-Gorce 



For the technical aspects of this subject the 
Marseilles team collaborated with the Etablisse- 
ment de Transfusion Sanguine Alpes-Provence 
(Alpes-Provence Blood Transfusion Service) to 
set up a bone bank on their premises because 
it has a competent cryobiology department 
equipped with storage tanks containing liquid 
nitrogen and a temperature-lowering program- 
mer. This laboratory, which for a long time 
has been storing bone marrow, platelets, and 
various cryopreserved tissues, has the virology, 
bacteriology, quality control, and quality 
assurance laboratories of the Blood Transfu- 
sion Service and is accustomed to applying the 
transfusion safety standards. It was also one 
of the first in France to obtain the approval of 
the Microbiological Safety Committee of the 
Directorate General of Health in April 1996. 
Banks which were developed nationally have 
followed the same principles and currently 
more a hundred have been registered and some 
are awaiting authorization. 

The Removal of Articular and 
Osteocartilaginous Grafts 

Because the bone and cartilage fragments which 
are removed are not subjected to secondary ster- 
ilization, it is imperative that therapeutic maneu- 
vers are performed in wholly sterile conditions. 

Selection of the Donors 

Selection has to be rigorous so that there is no 
risk of the transmission of iatrogenic pathology 
to the host through the graft. This requires 
adequate knowledge of the history of the illness 



and the circumstances of the accident, as well as 
the medical history of the donor. There are 
many absolute contra-indications. Subjects with 
a cancerous condition, a systemic illness, 
collagenosis, an auto-immune disease, or bone 
dystrophy may not have tissue removed for 
grafts. We systematically eliminate from the list 
of donors those suffering from a viral, bacterio- 
logical, or parasitic infection, mycosis or tuber- 
culosis as well as those with risk factors and 
those who have been on artificial ventilation 
for more than 72 hours in intensive care, as 
they are potentially infected. As far as the vali- 
dation of the grafting material is concerned, 
the banks have to conform to the legislation in 
force decreed by the French Graft Institute. 

Bacterial decontamination is performed using a 
solution of antibiotics consisting of rifocine and 
chloramphenicol. 

Samples are taken from each graft before and 
after decontamination and after thawing. Posi- 
tive bacteriological results will mean that the 
tissues will have to be destroyed. 

Blood samples have to be taken from each donor 
(live or deceased) in order to perform the 
obligatory virological examinations. 

In accordance with the decrees of 25 February, 
1992, of 24 May, 1994, and of 24, July 1996, 
medical biological analyses are performed to 
test for infection: 

by the hepatitis B virus (HBs antigen and 
anti-HBc antibodies), 

by HIV (antigen P24 and anti-HIV 1 and 2 
antibodies), 

by HTLV (anti-HTLV 1 and 2 antibodies), 
by hepatitis C (anti-HCV antibodies). 
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for detecting syphilis in two different tests 
(VDRL and TPHA), 

for assaying for transaminases for the live 
donors. 

Decree No. 97-928 of 9 October, 1997 removes 
the obligation to carry out a search for the 
agent responsible for toxoplasmosis, for infec- 
tion by cytomegalovirus, and by the Epstein- 
Barr virus. The Decree of 1 April, 1997 requires 
that the results of the examinations performed 
are examined before the patients have been 
transfused, as any hemodilution could falsify 
the tests. Finally, the French Blood Agency and 
the French Graft Institute recommend that the 
tissues are placed into quarantine and that 
the virological tests are repeated 4-6 months 
after the tissue has been removed. These sam- 
plings are performed either on the live donor or 
on the host of organs coming from the same 
donor and are performed to reduce the risk 
in the event of the tissue having been removed 
during a seroconversion phase. However, 
placing these products into quarantine is only 
one of the possible ways of ensuring safety. 
A decree will specify the conditions under 
which it is to be performed in the various 
situations according to the other methods 
which could be used, in particular directly 
testing for the viruses by molecular biology 
techniques (PGR). 

Removal Techniques 

As the risk of infection is the main concern in 
this surgery, the various stages of surgery must 
be performed under the strictest aseptic condi- 
tions possible. The tissue therefore has to be 
removed in an operating theatre, according to 
the same principles as regulated orthopedic 
surgery, and it is considered that a maximum 
time lapse of six hours from the circulation 
stopping can be reasonably accepted. For joint 
removals, the whole of the joint capsule is 
preserved as well as the intra-articular liga- 
ments and the menisces or labra. In the case of 
the knee, and in order to keep the extensor 
apparatus intact, we retain the whole of the 
patellar tendon continuously with the posterior 
half of the patellar joint. This is also continuous 



with the quadricipital tendon, the upper part of 
which is cut into an inverted V. The muscular 
insertions are scraped and the surgeon remov- 
ing the tissue cleans all the bone attachments of 
the ligaments allowing the capsule to be refixed 
firmly. The part is then placed in a bag which 
is resistant to very low temperatures (capton- 
teflon bags). The reconstruction of the skeleton 
is one of the important stages of the removal. It 
is a legal obligation and it has to be as perfect as 
possible. 

Coding and Measuring of the Parts 

In order to find the desired bone fragment again 
easily in the bank, it is necessary to fill in the 
data sheet carefully and to perform X-rays 
without enlargement or with an enlargement 
control placed side-by-side with the bone part. 

Quality Controls 

All the bone banks have to be inspected period- 
ically, and samplings are performed on a very 
regular basis (20% of the grafts are rejected 
annually, either immediately after having been 
removed on account of positive results being 
found in tests or subsequently at the six-month 
checks). 

Preservation Techniques 

Preservation Methods 

Many preservation methods have been sug- 
gested since the use of allografts was first 
considered. The techniques of irradiation and 
sterilization by moist heat will be described in 
detail subsequently. Cryopreservation is the 
only current procedure which makes it possible 
to preserve bone fragments and in particular 
cartilage cells safely. 

Preserving fluids (antiseptics, 1% sodium 
methyolate, ji propriolactoses), as well as 
ethylene oxide are cytotoxic and the problems 
involved in handling them have meant that they 
have been abandoned. The same applies for the 
methods involving sterilization by boiling. 
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Drying under vacuum or lyophilization uses 
plasma preservation processes. These grafts, 
which are theoretically usable indefinitely at 
ordinary temperatures, are fragile and are not 
sufficiently strong in mechanical terms to 
withstand the usual mechanical stresses and, in 
particular, all the cells are destroyed preventing 
the use of friction surfaces. 

Irradiation of bone fragments taken under con- 
ditions which are not sterile is recommended by 
some teams who see a practical advantage for 
taking grafts. However, not only does this 
irradiation, conventionally performed at 25 K 
Gray, not guarantee perfect viral sterility but it 
also causes the destruction of all the cells. 

Since 1981 we have been using cryopreservation 
of massive osteocartilaginous grafts in liquid 
nitrogen at -196 °C. This method makes it pos- 
sible to preserve whole bones and complete 
joints over an extended period as it preserves 
the viability of the cartilaginous cells, the fibers, 
and fibroblasts contained in the ligaments and 
capsules. 

Without going into the technical details of 
cryopreservation and storage, we would like to 
underline the fact that tissue preservation has to 
obey two essential rules: 

uppression of cadaveric disintegration 
phenomena, 

preservation for an extended period of the 
architecture of the bone and preservation of 
the viability of the cartilaginous cells. 

To avoid the formation of ice macrocrystals, it is 
necessary to impregnate the bone, cartilage, and 
ligament tissues with a suitable cryoprotector. 
At Marseilles, we use a mixture of macro - 
molecules (4% human albumin which is to be 
replaced by Hdoes) and 10% final DMSO. This 
solution is maintained at a temperature of 4°C 
because DMSO is toxic. In theory, the “deep 
cold” should enable these objectives to be 
reached by stopping the action of the tissue 
enzymes. If relatively moderate freezing tem- 
peratures are used (higher than -20 °C), the 
enzymes present in the tissue are not inacti- 
vated and will destroy the architecture of the 
graft in a few weeks. At -80 °C (limit of electric 



freezers), although the enzymatic activity is 
clearly reduced, it is not totally stopped, only 
collagenase is inactivated at this temperature. At 
-196 °C all the enzymes are inactivated and the 
proteins can be preserved over an extended 
period. On the other hand, DMSO has a eutec- 
tic point around -60 °C, at this temperature, the 
micro crystals of ice can recombine into macro - 
crystals and make the cells burst. For the same 
reasons, the temperature of the graft cannot be 
lowered in an haphazard fashion, and it is nec- 
essary to vary the rate at which this takes place 
in accordance with the temperature obtained. 
The optimum curve seems to us to be 2°C per 
minute down to -40 °C then 5°C per minute 
down to -140 °C, the temperature at which the 
graft is then placed in nitrogen vapor, directly 
in the tank where it is stored. 

Thawing, on the other hand, has to be rapid 
so that the largest number of cells remain alive. 
Physiological serum or Ringer’s lactate solution 
at 40-41 °C will be used to thaw out and wash 
the grafts in order to eliminate the DMSO. 
Approximately two hours after having removed 
the bone fragments from the liquid nitrogen 
tank, they are usable for a period of approxi- 
mately 24-26 hours, which means that they can 
be taken to any part of France and Europe. 
However, donors are becoming rarer and rarer 
and it is becoming increasingly difficult to 
obtain tissue. 

Biomechanics and Immunology 

The mechanical strength of the cortical allograft 
is only 50-60% of the strength of normal bone 
during a period ranging from the eighth to the 
eighteenth month after the graft has been 
implanted (on account of the revascularization 
of the bone). Maximum fragility is at around the 
twelfth month and it is only after 2 to 3 years 
after the graft has been implanted that the bone 
regains normal density and biomechanical 
strength. The fixation of the graft therefore 
has to be complete in order for this period 
of fragility to come to an end. The mechanical 
properties of the allografts can be changed 
by the preservation and storage processes. 
Lyophilization, massive irradiation of the grafts 
(in excess of 3 megarads), or moist heat used for 
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more than 60 minutes at 120 °C adversely affect 
the mechanical behavior of the grafts consider- 
ably. Cryopreservation, on the other hand, 
seems to improve the mechanical properties of 
the allograft, the strength of which is 110-120% 
that of fresh bone but the graft, although it is 
stronger, does in fact become more brittle (in 
the mechanical sense of the term) and therefore 
breakable. In the case of articular allografts, the 
crucial point is preservation of the ligament 
structures, of the synovial fluid, and of the 
menisces. The cells in these formations are 
preserved, as are their architectural and 
fundamental structure. 

After having been reinstated, the vasculariza- 
tion is linked to the revascularization of the 
bone insertion area. It is inadequate for several 
months (or years) which means that they have 
to be doubled with an artificial ligament during 
this period to avoid excess stresses which would 
lead to their being stretched or even ruptured. 
The extent of the immunologically competent 
tissue (synovial, capsule, etc.) also risks leading 
to the occurrence of immunological rejection 
phenomena justifying the use of immunosup- 
pressants (such as Sandimmum) in the event of 
the hyperproduction of fluid indicating an 
immune response. 

Transport 

Transporting bone parts over long distances 
will require the use of special containers, in 
which grafts will be preserved at low tempera- 
tures (liquid nitrogen or dry ice). When it is 
anticipated that these grafts will be used 
within 24 hours following removal from the 
Bank, it is preferable to thaw the bone fragment 
and to dispatch it only after thawing. Once 
removed from liquid nitrogen, the graft has 
to be used within 24 hours and it is not possible 
to refreeze it again if it is not used. 

Use 

The best indications for using these osteocarti- 
laginous or complete joint grafts are in the knee, 
ankle, shoulder, elbow, and wrist. 



Isolated Osteocartilaginous Grafts 

Partial or total graft of the femoral condyle, 

graft of the tibial plateau, 

graft of the patella, 

graft of the tibial pylon, 

partial graft of the humeral head, 

partial graft of the elbow, 

graft of the inferior radius. 

The graft is fixed by osteosynthesis material 
and the ligaments of the host are refixed onto 
the graft. The functional results are generally 
excellent. 

Osteocartilaginous Graft plus 
Ligaments from the Donor 

The excision is larger and the donor ligaments 
remain attached to the graft and are refixed onto 
the host bone or over the ligaments of the host. 
They have to be protected during the period of 
revascularization by artificial ligaments. 

This applies to: 

massive grafts of the inferior extremity of the 
femur, 

massive grafts of the superior or inferior 
extremity of the tibia, 

grafts of the humeral head, 
partial grafts of the elbow. 

Complete Articular Grafts 

A total joint graft with its capsule, its synovial 
membrane, its ligaments, and the fibrocartilages 
it contains (meniscus or labrum) is indicated in 
the case of an extensive tumoral lesion in the 
joint cavity justifying extensive excision in a 
single piece. 

The problems posed are twofold: 

Immunological: connected with the size of the 
immunologically competent material implanted 
with apparently an inflammatory reaction 
which could result in a cutaneous fistula giving 
rise to an infection. 
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Mechanical: the ligaments must not be 

strained during the period of their revasculari- 
zation and have to be doubled up by artificial 
ligaments. 

Reconstruction Prostheses Sheathed 
with Bone from a Bone Bank 

The indications for using a prosthesis sheathed 
with bone from a bone bank are often present 
and have to be analyzed according to the 
extent of the loss of musculo-ligament and 
cutaneous substance which requires tumoral 
excision or which has been produced by the 
trauma. 

Conclusion 

It seems to us to be important to emphasize 
the fact that grafts have to be preserved without 
breaking the cold chain, without damaging the 
bags containing the graft, and under strictly 
technological conditions. The importance of 
the sterile environment for removing the 
graft has to be emphasized; for example, out of 
more than 5,000 parts preserved in the Blood 
Transfusion Center in Marseilles since 1981, we 
have had to destroy barely 2% due to a super- 
infection being found. These encouraging 
results are due to extreme rigor in the ways in 
which the grafts are removed and the patients 
are selected. In our opinion, these preservation 
methods are the only ones which allow the 
bone, and particularly the cartilage, to still be 
guaranteed a normal structure and also good 
mechanical properties. 

Appendix 

Recommendations for Setting Up a 
Tissue Bank for the Locomotor 
Apparatus 

These recommendations are those used by 
the Blood Transfusion Center of Marseilles to, 
among other things, preserve bone, cartilage, 
and ligament grafts. 



The Organization of a Tissue Bank 
General 

The need for: 

a tissue removal team approved by the Ministry, 
a geographical location for treating, storing, and 
making the tissue available 

Equipment 

a preservation department equipped with 
storage tanks or apparatus, a temperature- 
lowering programmer indispensable for pre- 
serving bone, cartilage, and ligament tissue. 

laboratories experienced in the following 
quality controls: 

donor control, 
tissue control, 

validation of the preservation techniques. 

Personnel 

At the hospital: 

the person in charge of tissue removal checks 
that removal from a subject in a state of brain 
death is in line with the regulations, 

the surgical teams remove and treat the tissue. 
At the tissue bank: 

the bank receives the tissue, 

the technical staff at the bank treats the tissue, 

the laboratories perform viral serological tests 
on the donor and a bacteriological examination 
of the tissue removed, 

the bank’s medical supervisor oversees 
everything. 

Techniques 

For each tissue, all the technical aspects of the 
removal, treatment, storage, quality control, 
distribution, and results of examinations are 
recorded in a manual updated regularly. 

Information 

Information on the donor: 

Identity, sex, age; 

Radiography of the tissue if necessary; 

Cause of death; 
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Medical history; 

ABO blood group and HLA if known; 
Operating protocol of removal, therapies used; 
Results of any laboratory examinations; 

Results of the control examinations; 

Tissue removal center and department. 

Information on the host: 

Identity, sex, age; 

Origin of the graft; 

Attribution criteria; 

Identification of the use of the graft, site and 
date; 

Possible response to implantation of the graft; 
ABO blood group and HLA if known; 

Results of the culture at the time of the graft; 

Note any departure from the guidelines for 
handling and reconstitution; 

An estimate of the clinical results. 

Quality Control 

Each tissue preservation department has to take 
part in the development of the methods which 
make it possible to evaluate the indications of 
the tissue grafts preserved. Periodical monitor- 
ing of the bacteriological status has to be prac- 
ticed, checking, before they are dispatched, at 
least 5% of the grafts every six months and more 
if problems with bacterial contamination are 
suspected. 

Tissue Removal 

General Ethical and Legal Considerations 

In general, acceptable sources of tissues are 
cadavers less than six hours after circulation has 
stopped, patients in a state of brain death, and 
patients who have had part of their tissue 
removed for therapeutic purposes (femoral 
head). 

The Caillavet law considers a donor to be any 
person who, during his lifetime, did not express 
any opposition to removal of his or her tissue. It 
is difficult, in practice, not to consider the pain 
suffered by those close to the person they have 
lost. 



Selection Criteria 

These vary depending on the tissue removed. 
Age may be a limiting factor following the use 
which will be made of the tissue taken. For car- 
tilage in particular, it seems to be necessary to 
graft only normal joint surfaces which have 
been taken from healthy subjects. 

Tissue may be removed from the cadaver for 
five hours after his or her death if it is kept 
at ambient temperature and for approximately 
12 hours if the cadaver is stored at 4°C imme- 
diately after death. The tissue removed from 
a live patient can be placed in a container, 
closed immediately and refrigerated at 4°C. A 
valid preservation technique can be considered 
to be up to 12 hours after the tissue has 
been removed and stored at the preservation 
temperature. 

A medical history of the donor has to be 
sent. Potential donors will be excluded if their 
current medical history mentions: 

developing septicemia, 

a localized infection in the tissue to be removed, 
a slowly developing viral episode 

malignant neoplasia except for most of the 
cerebral tumors, 

the existence of active hepatitis or unexplained 
jaundice, 

systemic disease, 

a patient belonging to the risk groups, 
heavy irradiation on risk groups, 

treatment with drugs which are toxic to the 
tissue to be removed. 

Laboratory tests have to be performed on the 
blood of the cadaver or on the live donor: 

a test for the hepatitis B virus, 
a test for syphilis, 
a test for HIV antibodies, 
the transaminase levels, 
a test for anti-HBc antibodies, 
a test for anti-HCV antibodies, 

a test for anti-HTL VI and anti-HTL V2 
antibodies 

a test for anti-CMV antibodies. 
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The erythrocyte blood groups and tissue groups 
should be used and a serum bank should be 
set up. 

Wherever possible, the tissue should be 
removed under sterile conditions in an operat- 
ing theatre. If the allografts are removed in a 
non-sterile manner, it should be ensured that 
effective sterilization techniques can be used 
without damaging the tissue structure. 

If a collecting medium is used, it has to be 
sterile and physiological. 

If antibiotics are used, the bacterial cultures 
have to be grown before they are added and the 
type of antibiotics has to be clearly recorded. A 
final bacteriological check is recommended 
before the tissues are dispatched. 

Fragments of tissues to be grafted have to 
undergo bacteriological and fungal studies 
using current methods and media. Cultures of 
the donor blood have to be carried out when the 
tissue is removed as well as a urine culture and 
possibly also a culture of a pleural effusion. 

Secondary sterilization. If it is carried out, the 
biological and biochemical integrity of the graft 
has to be maintained. The methods used for 
decontaminating surfaces are acceptable if only 
the surface can be contaminated. 

Preservation and Storage 

The methods used to preserve and store 
tissue allografts vary according to the type of 
tissue and the clinical application in which they 
are included. Although the optimum methods 
have not been defined, the best for long-term 
preservation would appear to be preservation 
at very low temperatures (-80 °C). Continuous 
monitoring of the temperature may be neces- 
sary. Storage for 12 hours at at the most at 4°C 
may be practiced from the time the tissue was 
removed. Only materials which are resistant 
to low temperatures are suitable for this type of 
preservation. They have to be sterile. The 
culture media may vary and have to be defined 
for each type of cell. Precautions have to be 
taken to check the persistence of the activity of 
the cells being cultured and for the absence of 
contamination. 
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For decades, the use of autografts has been con- 
sidered as the “gold standard” procedure for the 
surgical filling of bone defects. But in addition 
to increasing operative time and morbidity at 
the harvesting site, autografts are only available 
in limited volumes. Over time, various substi- 
tutes to autografts have been made available for 
bone grafting. These substitutes can be differ- 
entiated from their origin. Besides allografts 
and xenografts, respectively obtained by treat- 
ment of human or animal bone, synthetic bone 
substitutes present a more recent alternative. 
Bone substitutes are biocompatible, show osteo- 
conductive properties when implanted in living 
bone, and can possibly be resorbed, depending 
on their chemical composition, as evidenced 
by numerous fundamental or experimental 
works [1-4]. Clinical applications of bone 
substitutes may concern general orthopedic 
surgery as well as spinal, cranial, or maxillo- 
facial surgery. Nevertheless, objective evaluation 
of these implants is often confronted by 
methodological problems, as most clinical 
studies available only consider retrospective 
results. In France, a list of marketed implants 
intended for bone grafting is edited and 
updated by the GESTO (“Association pour 
Tetude des greffes et des substituts tissulaires en 
orthopedic”), a medical committee under the 
aegis of the French Society of Orthopaedic 
Surgery (SOFCOT). This committee has its 
motivations in a strictly scientific evaluation of 
every implant available and publishes its exper- 
tise regularly [5]. 



General Overview of 
Bone Substitutes 

According to the GESTO, three general cate- 
gories of bone substitutes can nowadays be 
differentiated, considering the origin of the 
material constitutive of the implant: calcium 
phosphate ceramics, xenografts, and a third 
group of implants of various compositions, such 
as calcium sulfate or coral. All these implants 
attempt to mimic alveolar bone structure or the 
chemical composition of bone minerals. 

Calcium Phosphate Bone Substitutes 

Biological Properties 

Calcium phosphates are obtained by the sinter- 
ing, generally over 1,000 °C, of a raw material. 
These materials can either be synthesized by 
chemical reaction between calcium and phos- 
phate ions or be obtained by thermal treatment 
of natural animal skeletons. The rate of bone 
ingrowth and resorption can be varied and con- 
trolled depending on the porosity and the 
chemical composition (Ca/P ratio) of the mate- 
rial. Synthetic calcium phosphate ceramics are 
produced by molding and/or machining a raw 
material into various shapes and porosities 
prior to sintering. In the case of biological 
ceramics, manufacturing processes mostly 
consist of thermal treatments to eliminate 
organic compounds, as in the case of natural 
bone, but can as well include a chemical reac- 
tion to modify the composition of the starting 
material, as in the case of coral, the calcium car- 
bonate of which can be converted into calcium 
phosphate by hydrothermal reaction. 
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Free of organic phases (fats, proteins, etc), 
calcium phosphate implants are biocompatible 
and present a negligible biological risk of 
disease transmission to the patient. When 
placed in close contact with healthy bone tissue, 
autologous osteogenic cells grow along the 
implant and produce extracellular bone matrix 
directly in contact with the surface, without 
fibrous interlayering. It has been evidenced that 
undifferentiated cells from bone marrow can 
differentiate into specific bone cells on the 
surface of the ceramics, where they exhibit 
osteoblastic phenotyping. Secondarily, depend- 
ing on the material solubility, the implant can be 
resorbed. For instance, pure crystallized hydrox- 
yapatite (Caio(P 04 ) 6 (OH) 2 ) is known to be 
poorly soluble and can remain for years without 
significant signs of resorption [6,7], as trical- 
cium phosphate (Ca 3 (P 04 ) 2 ) ceramics can be 
resorbed in a few years [2,8]. The resorption 
process is controlled by resorbing, osteoclast- 
like, cells but can also take place by dissolution 
of the material in extracellular fluids. These 
properties are enhanced by the presence of 
cavities (pores) in the material. When the pore 
size exceeds 80-100 /im (macro-pores), bone 
cells can penetrate the cavities and form new 
bone internally. Smaller pore sizes (micro- 
pores, 1-10 /im) are thought to favor protein fix- 
ation by capillarity and thus facilitate cell 
differentiation. But if the presence of pores sig- 
nificantly helps bone healing, it also has a neg- 
ative influence on the mechanical strength of 
the material. Pure hydroxyapatite or tricalcium 
phosphate ceramics can be as resistant as corti- 
cal bone (approx 150 MPa), should the total 
porous volume not exceed 30% of the external 
volume [3]. Increasing the porosity produces a 
decrease in the mechanical strength, which can 
be as low as 1-2 MPa when the porous volume 
reaches 60-70%. Thus, highly porous ceramics 
cannot be used in load-bearing situations 
without additional stabilization devices. 

Classification 

Hydroxyapatite ceramics (MAC) 

As bone mineral is a poorly crystallized hydrox- 
yapatite, it is possible to produce HAG from 
either synthetic (Cerapatite®, Synatite®) or 



natural (Endobon®, Pro-osteon®) materials. As 
already discussed, HAG show only limited 
resorption. Synthetic HAG consists of pure crys- 
tallized HA (>95%) as biological HAG can 
contain trace elements (Mg^^ GO^”, etc.). Most 
products are available in various shapes (gran- 
ules, blocks, cylinders) for general bone void 
filling or in the form of anatomical implants 
designed for specific indications (osteotomy, 
spinal arthrodesis). 

Tricalcium Phosphate Ceramics (TCPC) 

TGPG (Biosorb®, Galciresorb®, Vitoss®) are 
elaborated from purely synthetic materials. 
Resorption rate and extent vary as a function of 
the porous volume and pore size, but also 
depend on the volume of the graft. Total resorp- 
tion can be radiologically observed after a few 
months in the case of highly porous implants, as 
30% porosity implants are generally still visible 
two years after implantation. Depending on the 
manufacturer, product ranges can include 
various porous volumes (20-65%) in different 
pore sizes, generally ranging from 10 /im to 
400-500 /dm. As in the case of HAG, TGPG are 
made available in different shapes and volumes 
for bone void filling, but can also have anatom- 
ical designs for specific applications. 

Biphasic Calcium Phosphate Ceramics (BCPC) 

Gomposed of a mixture of synthetic HA and 
TGP, BGPG exhibit intermediate integration and 
resorption rates, depending of the amount of 
TGP. The higher the amount of TGP, the higher 
the integration and resorption rate. BGPG 
ceramics are available in different HA/TGP 
ratios, ranging from 1:3 to 2:3 (Triosite®, 
Biosel®, Eurocer®, Physio-6®) and different 
shapes and packaging. At the present time, these 
implants are proposed only for general bone 
void filling and present high porosity factors 
(45-70%). 

Calcium Phosphate Cements 

Developed several years ago, this new class of 
bone substitute (Norian®, Gementek®, Bone- 
Source® Biocement® . . .) consists of a paste-like 
structure that can harden in physiological 
media to form calcium phosphate compounds. 
During hardening, a hydrolysis or acido-basic 
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chemical reaction takes place between the initial 
components, mixed together immediately 
before implantation. In their malleable phase, 
calcium phosphate cements can possibly be 
injected or, at the least, be fitted to complex bone 
defects. Once the hardening reaction is com- 
pleted (6-72 hours), the porosity of the graft 
remains low and is composed of low-diameter 
pores (1-lO^m), thus allowing only limited 
bone ingrowth. In-vitro mechanical strength 
ranges from 10 to 50 MPa, but no reliable data is 
available concerning graft strength after in-vivo 
hardening in a biological environment. As in the 
case of pure HAC, resorption rate is also quite 
poor. 

Xenografts 

Commercially available xenografts are today 
from bovine or porcine origin. Cancellous, 
cortico-cancellous, or cortical specimen are 
treated by means of different chemical or physi- 
cal processes to eliminate micro-organisms or 
proteins that could initiate antigenic of inflam- 
matory reactions. These processes attempt to 
preserve alveolar structure as well as the 
mechanical properties of natural bone. Once the 
treatments are completed, xenografts are simply 
composed of extracellular bone matrix but 
contain no osteoinductive proteins. Manufac- 
turing processes are ruled by strict regulations 
concerning animal selection and safety towards 
bovine spongiform encephalopathy. Neverthe- 
less, xenografts suffer from considerable sus- 
picion due to the risk of prion-disease 
transmission. 

Others 

Cakiutn Sulfate 

Plaster of Paris is among the very first bone sub- 
stitutes ever implanted in humans. This mineral, 
CaS 04 , 0.5 H 2 O forms Gypsum (Ca(S 04 ), 2 H 2 O) 
in the presence of water and hardens dur- 
ing transformation. The biocompatibility of 
Gypsum has been demonstrated in animals and 
humans. The resorption rate is high (4-8 
weeks). It is commercially available in the form 
of dense pellets, either pure (Osteoset®) or in 



combination with antibiotics (Osteoset®) deliv- 
ered during resorption. The initial mechanical 
strength ranges from 30 to 50 MPa but de- 
creases significantly during the first weeks of 
implantation. 

Coral 

Madreporic corals have been experimented with 
as bone substitutes. Specimens are first chemi- 
cally treated to eliminate every organic phase, 
then shaped into various types of implants. 
Animal experiments have evidenced satisfying 
biocompatibility and resorption governed over 
time by carbonic anhydrase dissolution. As in 
the case of HAC or TCPC, the resorption rate 
and mechanical strength can be varied by 
varying the porosity, in this case by using dif- 
ferent species of corals. Composed of pure 
Aragonite (calcium carbonate, CaCOs), a whole 
range of implants is proposed (Biocoral®) 
including different shapes, sizes, and porosity. 

Clinical Applications 

A careful analysis of existing clinical data from 
the literature allows the objective evaluation of 
the efficiency of bone substitutes in bone recon- 
struction. Most studies are retrospective and the 
results are assessed by means of radiological 
and clinical evaluation, without histological 
results. 

Bone Tumors 

Calcium phosphate ceramics have been used in 
the filling of bone defects consecutive to benign 
tumor resection. Inoue and Uchida have used 
porous blocks and granules of HAC, while 
Gouin or Yamamoto implanted BCPC. Three 
main indications were evaluated: 

fibrous dysplasia, sometimes leading to volumi- 
nous tumoral cavities, 

chondromas, more particularly with a meta- 
carpal or phalangeal location (Figures 7.1a, b), 

essential bone cysts of children or teenagers. 

The clinical results were evaluated as favorable 
by the authors as bone healing was observed in 
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Figure 7.1. a Chondroma of the base of the first phalange. Curetage and filling by biphasic calcium phosphate ceramic, b Radiological result at six 
years. 



most patients, with only few tumoral recur- 
rences. The exact influence of calcium phos- 
phate ceramics on the clinical results and bone 
healing rate and extent can nevertheless be dis- 
cussed. As a matter of fact, few histological 
analyses have been performed and the necessity 
of grafting tumoral cavities is still controversial 
in the treatment of bone cysts and chondromas. 
Nevertheless, one can suppose that once the 
tumor has been carefully resected, the osteo- 
conductive potential of calcium phosphate 
ceramics may annihilate recurrence of the 
tumor from remaining fragments. 

Post-traumatic Reconstruction 

Several authors have reported their experience 
with bone substitutes in the reconstruction of 
traumatic bone loss, pseudarthrosis, or bone 
resection consecutive to chronic osteitis. The 



implants consisted of ceramic granules or cubes 
or of calcium phosphate cements. 

In a randomized study, Bucholz has com- 
pared the results of autografts and HAC or 
TCPC in the treatment of tibial plateau fracture, 
considering a series of 40 patients operated on 
with the same osteosynthesis device. There was 
no significant difference in bone healing rate 
between the grafts. Seven biopsies where per- 
formed during osteosynthesis removal at the 
ceramic implantation sites one year after initial 
surgery. Histological results have evidenced that 
25-40% of the porous volume was occupied by 
healthy, newly formed bone. 

De Peretti’s conclusions about the use of coral 
in the filling of peri-articular traumatic bone 
defects (tibial plateau, thalamus, pilon) stabi- 
lized by means of osteosynthesis are qualified. 
Under the tibial plateau, coral implants were 
successfully incorporated into surrounding 
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bone while maintaining adequate correction. 
But serous aseptic discharge has been observed 
at the two other locations with a possible aller- 
gic origin. In a methodologically more interest- 
ing study, De La Caffiniere has compared the 
radiological healing of two different bone sub- 
stitutes: natural coral and coraline hydroxyap- 
atite, implanted in tibial or calcanean sites for 
the correction of depressed cancellous bone 
defects. Healing and resorption were signifi- 
cantly greater in the cancellous bone of the 
proximal tibial metaphysis as compared to cal- 
canean situations. Furthermore, aseptic inflam- 
matory reaction was frequently observed in the 
case of natural coral. Finally, limited signs of 
resorption have been observed with hydroxya- 
patite implants. These results confirm the influ- 
ence of host bone quality on resorption and 
healing rate of bone substitutes. 

A displaced distal radius fracture was the first 
proposed indication for injectable calcium 
phosphate cements. Jupiter [9] and Kopylov [10] 
concluded that, in this indication, calcium phos- 
phate cements are biocompatible and provide 
satisfying fusion and stabilization but evidence 
limited signs of bone ingrowth and remodeling. 
These results have been confirmed by random- 
ized studies comparing calcium phosphate 
cements versus external fixation [11] or plaster 
[ 12 ]. 

In a randomized multicentric study, Cornell 
has compared the fusion rate of diaphyseal 
pseudarthrosis stabilized by an appropriate 
osteosynthesis and treated with autograft from 
the iliac crest or a bone substitute composed of 
a mixture of hydroxyapatite and collagen. The 
results show no statistical difference between 
the patients who received an autograft and 
those treated with bone substitute. One can 
discuss in this case the necessity of grafting as 
a sole mechanically stable fixation might have 
provided comparable results as well. Finally, 
bone marrow from the iliac crest was systemati- 
cally mixed with the bone substitute prior to 
implantation (Figures 7.2a-f). 

In chronic osteitis and osteomyelitis, both 
infection and loss of bone substance have to be 
treated. This double problem could hopefully be 
solved by associating bone substitutes and such 
antibiotics as gentamicine, trobamicine, or van- 



comicine, active at a local level against Staphy- 
lococcus aureus. Sulo [13] has used calcium 
sulfate in these indications and concluded that 
this technique is efficient, locally providing a 
high concentration of antibiotics and osteocon- 
duction by way of calcium sulfate. 

Prosthetic Revision 

Hip, and to a lesser extent knee, revisions often 
confront the surgeon with massive bone defects 
that have to be treated to increase the primary 
stability of the prosthesis and hopefully provide 
bone healing to prevent further loosening. If 
there is a real need for efficient bone grafts, the 
use of bone substitutes has long been doubted 
because of the poor quality of surrounding 
bone, thought to provide only limited bone- 
healing potential. Compacted allografts are thus 
often preferred to any other graft. Levai [14] 
recently used a bovine xenograft in the filling of 
acetabular bone defects consecutive to hip pros- 
thesis loosening. Bone-substitute blocks have 
been used to fill the cavities between the acetab- 
ulum and a polyethylene cup cemented into a 
prosthetic metallic ring. Radiological evaluation 
showed that 27 of the 30 patients did not evi- 
dence motion of the cup or ring after three years 
and that trabecular bone was present at the 
xenograft/ring interface in 24 patients. 

Oonishi [15] reports the results of 40 acetab- 
ular revisions grafted with HAG granules, some- 
times associated with a cortical allograft in 
segmentary defects. In this technique, HAC 
granules have been tightly packed to recon- 
struct part of the acetabulum, then stabilized by 
a thin layer of bone cement prior to fixation of 
the revision prosthesis in anatomical position. 
Radiological results are encouraging as only one 
re-operation was undertaken. The ceramic 
granules remain visible but no migration of any 
implant was noted. X-rays evidence in most 
cases that initial bone defects have disappeared 
at the HAC/bone interface. No histological 
results have confirmed the radiological findings. 
Moreover, the latest follow-up in this series is 
only three years and results should be con- 
firmed at a significantly greater follow-up to 
confirm the reliability of this original technique. 






Figure 7.2. a Open tibial fracture (Gustilo type III A) fixed by external fixator, b idem, c after wornd healing filling the bone defect by collagen and 
calcium phosphate, d Idem, e radiological result at seven years. f Idem. 



We found no comparative study concerning the healing is made difficult by the presence of a 
results of allograft (or autografts) and bone sub- voluminous metallic device that may alter X-ray 
stitutes in hip revision surgery. From our expe- imaging (Figures 7.3a-c). Furthermore, the 
rience, reliable evaluation of the efficiency of results of allografts evidence that long term 
bone substitutes in this indication is a major dif- follow-up is necessary to evaluate stability and 
ficulty, as radiological assessment of bone integration of the graft. 
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a b c 



Figure 7.3. a acetabular loosening of cemented cup. b early radiological result: impacted and screwed component with filling cavitary defect by 
biphasic calcium phosphate, c radiological result at two years. 



Spinal Surgery 

In spinal surgery, interbody or postero-lateral 
fusions are the most common indication of 
bone graft, generally harvested on the anterior 
iliac crest. Bone substitutes were probably one 
of its earliest clinical applications. Passuti [16] 
reports that every 11 patients operated for 
severe scoliosis with posterior osteosynthesis 
device and grafted with BCPC blocks showed 
signs of stable fusion. Three biopsies evidenced 
bone ingrowth in the pores of the ceramic. 
Further to this publication, several authors con- 
firmed these findings. In a comparative study, Le 
Huec [8] showed that in instrumented postero- 
lateral fusions, porous TCPC achieved compara- 
ble fusion rates and curve stabilization than 
allografts, based on radiological findings. In this 
study, bone ingrowth has been observed in 
every two biopsies and complete resorption of 
the TCPC implants was observed after two years 
over a four-years follow-up period. More 
recently, Ransford’s randomized study con- 
cluded that no significant difference was 



observed, considering radiological signs of 
bone fusion, between iliac crest autograft and 
BCPC. Of 170 patients operated, six biopsies 
showed similar bone ingrowth and resorption 
of the implants. 

In cervical interbody fusion, Kim [6] indi- 
cated that HAC are able to provide early satisfy- 
ing radiological fusion rates, as compared to the 
results of autograft, considering a retrospective 
study including 70 patients. Calcium phosphate 
cement had been used for filling bone spinal 
corporeal ostrolysis [17,18]. 

Deviation Osteotomies 

Femoral or tibial osteotomies probably deserve 
to be differentiated from other indications, as 
they represent a specific application for bone 
substitutes [19]. In such cases, the metaphyseal 
opening plane is filled with a mechanically 
resistant ceramic implant specifically designed 
to fit the anatomy of the implantation site 
(Figures 7.4a, b). An osteosynthesis device is 
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Figure 7.4. a Tibial valgisation by proximal metaphyseal opening. Fixation by staple and tricalcium phosphate wedge. Result at two months, 
b radiological result at four years. 
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necessary in every case for stabilization 
purposes. 



Conclusion 

Numerous experimental data have demonstrated 
the biological properties of calcium phosphate 
ceramics: biocompatibility, osteoconduction, 
possible resorption, and adapted mechanical 
strength. These properties are confirmed by a 
growing number of clinical studies. The success 
of the graft depends on two rules which should 
be followed: tight contact with the living host 
bone, and mechanical stability of the grafted 
bone to prevent mechanical overload and avoid 
micro -movements at the bone/implant interface. 
Several research programs are in progress to 
confer on bone substitutes an osteoinductive 
potential. Among the different hypotheses, asso- 
ciation of calcium phosphate ceramics with bone 
morphogenetic proteins or osteogenic cells look 
promising in animal models. 
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The word “cement” comes from the domain of 
architecture construction. It consists of a system 
of powder/liquid materials which, when mixed 
to a paste, set to a hard mass. “Bone cement” 
uses this system for application in medicine, for 
example: filling of bone defects and fixation of 
surgical prostheses, etc. 

The history of the application of bone cement 
dates back more than 100 years. In 1890, Dr. 
Gluck described the use of the ivory ball-and- 
socket joints which were especially useful in the 
treatment of diseases of the hip joint. These 
joints were stabilized in the bone with a cement 
composed of colophony, pumice powder, and 
plaster. He stated that the cement remained 
walled off in the marrow cavity in the same way 
as a bullet, the marrow cavity appearing to have 
almost unlimited tolerance to aseptic implanta- 
tion [1]. In 1951, Dr. Haboush used self-curing 
acrylic dental cement to secure a total hip 
replacement [2]. Also at this time similar resins 
were being used to repair defects in the skull 
after brain surgery. Polymethylmethacrylate 
(PMMA) cement was used primarily in den- 
tistry to fabricate partial dentures, orthodontic 
retainers, artificial teeth, denture repair resins, 
and an all-acrylic dental restorative. Dr. 
Charnely had used a cold-cured acrylic as a pos- 
sible luting cement to retain the femoral shaft in 
total hip arthroplasty [3]. 

From the 1950s to the 1970s numerous 
studies and long-term clinical trials exposed the 
biological disadvantages of PMMA cement: (1) 
the release of monomer toxicity; (2) the high 
temperature of the cement polymerization; (3) 
osteonecrosis mediated by inflammatory reac- 
tion; (4) osteolysis caused by wear debris for- 
mation, or (5) impairment of blood circulation 
in the bone caused by reaming, then the cement 



plug [4]. Moreover, this cement is neither 
biodegradable nor colonizable by bone tissue. 
Therefore, surgeons sought to ameliorate the 
PMMA cement looking for new material to 
replace it. Brown and Chow [5] were the first to 
develop and patent a calcium orthophosphate 
cement. Different formulations of the calcium 
phosphate cement have since been developed by 
various research groups [5-10]. In vitro and in 
vivo studies have shown that the calcium phos- 
phate cement (CPC) had excellent biocompa- 
tibility, a good bioresorption, and less 
exothermic, but weaker mechanical properties 
than PMMA cement. 

This paper provides a general regulatory 
background, chemical composition informa- 
tion, mechanical and biological properties as 
well as a discussion of the mechanisms of the 
risks and failures of bone cements. We present 
principally two bone cements: polymethyl- 
methacrylate cement (PMMA) and calcium 
phosphate cement (CPC). 

Polymethylmethacrylate 
Cement (PMMA) 

Chemical Composition and 
Polymerization of PMMA 

PMMA bone cement, consisting of preformed 
PMMA beads mixed with methylmethacrylate 
(MMA) monomers, has remained largely 
unchanged over the years. PMMA cements 
include: (1) the weight ratio of powder to the 
liquid monomer; (2) the use of PMMA or 
copolymers thereof; (3) the use of benzoyl per- 
oxide as initiator in the powder and MMA; (4) 
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Table 8.1. General chemical compositions of various commercially available bone cements 





Brand 1 


Brand 2 


Brand 3 


Brand 4 


Powder components 


40g 


40g 


40g 


40 g 


PMMA (polymer) 


88.85% (w/w) 




15.00% (w/w) 


89.25% (w/w) 


Polystyrene/MMA copolymer 






75.00% (w/w) 




MMA/PMMA copolymer 




83.55% (w/w) 






Benzoyl peroxide (initiator) 


2.00% (w/w) 


0.5-1.6%(w/w) 




0.75% (w/w) 


Sulfate barium (radio-opacifier) 


9.10% (w/w) 




10.00% (w/w) 


10.0% (w/w) 


Zirconium dioxide (radio-opacifier) 




15.00% (w/w) 






Liquid components 


18.37g 


20 ml 


20ml 


20ml 


MMA (monomer) 


98.215% (w/w) 


99.26% (w/w) 


97.40% (v/v) 


97.25% (v/v) 


^,^-dimethyl-p-toluidine 


0.816% (w/w) 


1.96% (w/w) 


2.62% (v/v) 


2.75% (v/v) 


(accelerator) 


0.002% (w/w) 




75 ±15 ppm 


75 ±10 ppm 


Hydroquinone (stabilizer) 


15-20 ppm 








Other monomeric additives 










Ethyl alcohol 


0.945% (w/w) 








Ascorbic acid 


0.022% (w/w) 









Chlorophyll (color additive) 0.002% (w/w) 



the use of MMA as the monomer in the liquid 
component; and (5) the use of a radio-opaque 
filler (e.g., barium sulfate or zirconium dioxide). 
Differences include: (1) the amount of the 
initiator (benzoyl peroxide) in the powder; (2) 
the amount of accelerator {N.N-dimethyl-p- 
toluidine) in the liquid component; (3) the 
amount and type of stabilizers (e.g., hydro- 
quinone) in the liquid component; and (4) the 
addition of chlorophyll used to color the cement 
green. The chemical composition of the com- 
mercially available bone cements is similar, with 
the minor differences described in Table 8.1. 

The polymerizing process of the cement 
occurs as a result of the reaction between the 
initiator in the polymer powder and the accel- 
erator in the monomer. These act together to 
form a complex which produces benzoate and 
amine radicals. These two radicals then initiate 
polymerization of the monomer [11]. A radio- 
opacifier, added to the powder component, 
enables the surgeon to view the cement in vivo. 
This process transforms the initial thick liquid 
to a soft deformable material and finally to a 
rapidly hardening cement with an associated 
increase in temperature due to the exothermic 
polymerization, which can exceed 80 °C. The 
cement sets through the polymerization of the 
monomer, which concurrently dissolves and 
softens the polymer particles. The set mass con- 
sists of the polymer matrix uniting the undis- 



Table 8.2. Physical and mechanical properties 



ISO-5833 


Dough time 


5 ±1.5 min 


Setting time 


3 to 15 min 


Exothermic temperature 


<90 °C 


Compression strength 


70 MPa 


Tensile strength 


50 MPa 


Tensile modulus 


1.8 GPa 



solved but swollen original polymer granules. 
The degree of polymerization is affected by the 
following: (1) the amount of accelerator and ini- 
tiator in the powder and liquid monomer; (2) 
wetting caused by the monomer mixing with the 
powder; (3) the type of mixing used, and (4) the 
pro-chilling of the monomer; and the presence 
of oxygen. 

Physical and Mechanical 
Properties of PMMA 

The physical and mechanical characteristics of 
acrylic bone cement were determined by the 
ISO 5833-1992 standard [12] (Table 8.2). The 
liquid and powder mixing procedure should be 
influenced by various factors in order to modify 
the properties. These factors include the amount 
of the ingredient, the temperature and humidity 
of the mixing environment, the type of steril- 
ization used, and the type of mixing (hand, cen- 
trifugation, or vacuum mixing) used to prepare 
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the cement, as well as the surgical installation 
used in the mixing process. 

Physical Properties 

Cement viscosity is increased by the addition of 
fibers, greater molecular weight of the polymer, 
solubility of the polymer in the monomer, vari- 
ation in the powder composition or bead size 
distribution and the temperature of the cement 
components. Pre-chilling the cement compo- 
nents increases the setting time and reduces the 
viscosity of the cement, as compared to cement 
components which are stored at room tempera- 
ture prior to mixing. In contrast, mixing of bone 
cement under vacuum generally decreases the 
setting time. At the time of mixing, the compo- 
nents are usually hand mixed in a bowl. 
However, with the use of vacuum mixing or cen- 
trifugation after mixing, the cement porosity 
and pore size can be reduced to improve the 
mechanical properties of the cured cement 
[13-16]. Greater monomer evaporation may 
occur if the applied vacuum is too great during 
vacuum mixing. 

Poor monomer wetting in the powder can 
occur if: (1) the powder is insoluble or only par- 
tially soluble in the liquid MMA monomer; (2) 
an inadequate amount of MMA monomer is 
mixed into the powder; or (3) the free volume is 
lowered due to tighter packing of powder. On 
the other hand, styrene copolymers may have 
better wetting properties due to a higher free 
volume which allows for faster monomer diffu- 
sion rates [17]. 

High temperatures of the polymerization 
process can cause evaporation of the monomer 
leading to a microporosity in the curing cement. 
There are a number of factors that affect the 
maximum exothermic temperature. The follow- 
ing may contribute to a higher cement poly- 
merization temperature: (1) a large cement 
mass; (2) a cemented device with a low conduc- 
tion heat; (3) a cemented device that is not 
cooled before implantation; (4) a lack of irriga- 
tion at the implant site; (5) a greater amount 
of monomer mixed into the powder; or (6) 
increased levels of accelerators or initiators 
which may form radicals initiating rapid poly- 
merization [18]. 



Microporosity in the bulk cement may result 
from the following: (1) monomer evaporation 
during the exothermic reaction and/or leaching 
of the unreacted monomer [19]; (2) flow and 
wetting during mixing with the beads leading to 
air entrapment; (3) CO 2 formation due to a 
benzoyl peroxide reaction with the accelerator; 
(4) turbulent cement flow during the insertion 
of the implant into the cement; or (5) the mixing 
method used to assemble the bone cement 
components. 

Mechanical Properties 

The implant-cement-bone interfacial strengths 
are also considered risk factors [20]. 
Implant-cement interfacial loosening may 
result from: (1) cement fracture or poor 
implant-cement bonding due to foreign matter; 
(2) inadequate coverage at the implant-cement 
interface [21]; (3) amount of mechanical inter- 
locking; or (4) a lack of chemical bonding at this 
interface. More specifically, inadequate cement 
coverage at the interface may be caused by: (1) 
shrinkage of the cement due to polymerization; 
(2) poor mechanical interlocking strength 
between the implant and cured bone cement 
[22]; or (3) an increase in the bone cement vis- 
cosity over time leading to poor contact 
between the cement and the implant. 

Cement-bone loosening may result from: (1) 
cement fracture; (2) formation of gaps at the 
interface; or (3) tissue failure. More specifically, 
the gaps may form due to: (1) bone resorption; 
(2) foreign material at the cement-bone inter- 
face such as bone particles or blood [23]; (3) 
shrinkage of the cement after implantation; (4) 
low cement pressurization during implantation 
[24]; or (5) movement of the implant before 
hardening of the cement. For gaps caused by 
shrinkage, the shrinkage is greater as the poros- 
ity decreases. 

A fatigue fracture of the cement is a result of 
a cement stress which exceeds the fatigue limit 
of the bone cement. High cement stress may be 
due to an applied stress or a residual stress, 
cement modulus, implant loosening, or poor 
cement bonding with the implant or with the 
bone. Other causes of cement fracture include: 
fibrous membrane formation between bone and 
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cement, improper cement mantle thickness (a 
layer too thin or too thick), lamination of the 
cement due to the presence of blood or other 
body fluids, or poor canal preparation or areas 
of increased stress (e.g., the presence of a pore 
or a sharp corner of an implant). High stress 
applied to the bone cement may be caused by: 
(1) increased patient weight or activity; (2) lack 
of constraint; (3) adverse implant size and ori- 
entation; or (4) inadequate bone cement mantle. 
The latter three are related to the quality of the 
tissue and the applied surgical technique. A 
weakness may also be caused by bone resorp- 
tion or by disease. 

Cement mechanical properties are affected by 
the level of stress at a specific site. This is influ- 
enced by: (1) irregular trabecular bone; (2) 
porous implant coatings; (3) sharp edges on the 
implant; or (4) a defect in the bulk cement such 
as a pore or additives. More specifically, local- 
ized stress caused by porosity and inclusions 
(e.g., additive agglomeration, radio-opacifiers 
and antibiotics) are perhaps the greatest factor 
affecting cement fatigue properties. The addi- 
tion of agglomerates (e.g., radio-opacifiers) may 
also play a similar and significant role in cement 
fracture. 

Biological Properties of PMMA 

All biomaterials must be biocompatible. PMMA 
cements are considered biocompatible despite 
the toxic potential of the bone cement monomer 
and the heat generated during the exothermic 
polymerization. 

Cellular Reactions 

Initially, the major problems of PMMA bone 
cement are related to the temperature increase 
during the polymerization and the release of 
residual monomer after polymerization. PMMA 
is non-toxic, but the residual monomer (MMA) 
can cause an irreversible deterioration of the 
cells [25,26]. After fifteen minutes of polymer- 
ization, there is a residual monomer of approx- 
imately 3-5%. This percentage may decrease by 
up to 1-2% with time [25]. Haas et al. [19] mea- 
sured the residual MMA content to be 3.3% after 



Ih, 2.7% after 24h, and 2.4% after 215 days 
under storage in an ambient air environment. 
According to Schoenfeld et al. [27] the toxicity 
of the monomer disappears after 4 hours. In our 
study of cement fragments which were har- 
vested at the time of prosthetic revisions 48 to 
78 months after implantation, there was no 
apparent toxic effect of the cement on the 
fibroblasts (L929) and human osteoblasts [28]. 
However, there may be variable reactions to 
PMMA depending of the cells involved. 

PMMA is not cytotoxic with regard to human 
fibroblasts in vitro. However, it can stimulate 
proliferation and protein synthetic activity [29]. 
The increased proliferation of fibroblasts in 
response to PMMA exposure can be associated 
with an increased production of collagen and 
chemical mediators at the bone-cement inter- 
face [30,31]. Chemical mediators, such as 
prostaglandin E2 (PGE2) and other cytokines 
(interleukine-1), have been shown to mediate 
inflammation, as well as induce cell division and 
differentiation [32,33]. Fibroblasts have previ- 
ously been implicated in the inflammatory 
response, therefore, it is possible that they are 
responsible for the recruitment of inflammatory 
cells at the bone-cement interface via release of 
chemical mediators such as PGE2. 

Monocytes and macrophages are significant 
agents of the inflammatory reaction. The prin- 
cipal function of the tissue macrophage is 
phagocytosis and the secretion of cytokines and 
growth promoters. PMMA particles induce 
macrophages to secrete protein and to express 
mRNA of the proinflammatory cytokines, inter- 
leukin- IjS (IL-lj8), interleukin-6 (IL-6), tumor 
necrosis factor alpha (TNF-a), PGE2, pro- 
teinases, collagenases, and oxygen metabolites. 
Other factors expressed include chemokines 
such as macrophage-activating and chemotactic 
protein 1 (MCP-1) as well as macrophage 
inflammatory protein (MIP) which may be 
linked to osteolysis [34-43]. Horowitz et al. 
described a dose-dependent release of arachi- 
donic acid metabolites by murine macrophages 
induced by PMMA particles [44]. 

The osteoclast is a multinucleated cell which 
carries out the unique and highly specialized 
function of lacunar bone resorption. The osteo- 
clast belongs to the mononuclear phagocyte 
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system which consists of various cell types 
including monocytes, macrophages, Kupffer 
cells, and microglia. A common feature of all 
these cells is their avid and efficient ability to 
carry out phagocytosis. Most studies have 
focused on the effect of biomaterial particle 
phagocytosis on the function of these cells and 
the observation that specific types of particle 
enhance the release of mediators thus stimulat- 
ing osteoclastic bone resorption [45-47]. In 
addition, it has been shown that macrophages, 
after having phagocytosed these particulates, 
are capable of osteoclast differentiation [48]. 
Wang et al. [49] found that osteoclasts having 
phagocytosed PMMA wear particles exhibit 
normal lacunar bone resorption. Also, the 
phagocytosis of PMMA particles does not 
appear to compromise the response of osteo- 
clasts to calcitonin or to the ability to carry out 
lacunar resorption, observation that remains 
controversial. 

PMMA particles can inhibit osteoblast activ- 
ities causing a decrease in cellular proliferation 
and collagen synthesis. 

Local Tissue Reactions 

PMMA bone cement is generally well tolerated 
and bony tissue generally flourishes on its 
surface [29,43]. However, there is evidence of the 
inflammatory potential of bone cement [50]. 
The tissue reaction around bone cement has 
several phases. Initially, there is necrosis of the 
bone tissue and marrow to a depth of 5 mm 
related to the surgical wound and polymeriza- 
tion. Next, there is a phase of cicatrization 
lasting up to six months, followed by tissue 
granulation which develops over a period of two 
years. This tissue granulation is a characteristic 
of the chronic inflammation. The cement is then 
surrounded by a layer of fibrous tissue [51-54] 
and occasionally by a varying thickness of fibro- 
cartilage [55,56]. Albrektsson [57] reported a 
59% reduction in the in growth of cortical bone 
into titanium bone chambers one month after 
cement application. Morberg et al. [59,59] 
reported also decreased bone formation around 
cemented tibias, being 21% and 31% lower than 
the non-cemented contralateral tibias after 3 to 
1 1 and 32 to 55 weeks, respectively. 



Osteonecrosis 

Cell necrosis may occur because of the follow- 
ing: (1) monomer toxicity; (2) the high temper- 
ature of cement polymerization; (3) pressure 
necrosis; (4) osteolysis caused by wear debris 
generation; or (5) the impairment of blood cir- 
culation in the bone caused by reaming and by 
the presence of cement [4]. Bone cement has 
been shown to decrease bone metabolism pos- 
sibly causing a lower revascularisation [60,61]. 

The production of heat at the bone-cement 
interface during cement polymerization in vitro 
is between 60 and 90 °C [62-64] and in vivo 
between 40 and 50 °C [65,66], both depending 
on the thickness of the cement. The effect of 
this heat generation on bone was studied by 
Lundskog [67] who concluded that the exother- 
mic polymerization did not add to the surgical 
trauma and had no influence on bone genera- 
tion. Lee et al. [68] found that the leakage of 
monomer was very low after the curing. Like- 
wise, Sund and Rosensuist [69] stated “the effect 
of polymerization heat and monomer toxicity 
are probably much less important than the 
trauma effected by blocking of the normal 
medullar blood supply”. Rhinelander et al. [66], 
who noted a maximal temperature of 55 °C 
with the placement of thermometers at the 
bone-cement interface, concluded that thermal 
necrosis from cement polymerization is not a 
significant factor. Furthermore, after direct 
contact with acrylic cement, the delicate trabec- 
ulae of cancellous bone in the metaphysis con- 
tained healthy- appearing osteocytes after six 
weeks. 

Osteolysis 

Bone surrounding an implant may undergo 
osteolysis leading to loosening and decrease in 
cancellous bone strength. This may result in a 
weakening of the cement fixation or the forma- 
tion of a gap between the cement and bone. 
Acrylic cement fragments are engulfed by 
eosinophilic histiocytes which stimulate enzy- 
matic release leading to bone resorption [70,71]. 
In addition, bone cement particles could accel- 
erate foreign-body deterioration of articulating 
polyethylene inserts [72,73]. The initial event 
can be either disintegration of bone cement or 
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deterioration of the articulating surface. Phago- 
cytosis and development of foreign-body gran- 
ulomas lead to osteolysis of the anchoring bone; 
thus, disintegration or deterioration areen- 
hanced, accelerating the progress of osteolysis 
[51]. 

Formation of Fibrous Membrane 

The formation of fibrous tissue is caused by the 
toxicity of the monomer release as well as the 
heat production of the polymerization causing 
chronic inflammation and eventual osteo- 
necrosis and osteolysis. It is a significant factor 
which induces micromovement and the loosen- 
ing of surgical implants. The thickness of the 
fibrous membrane around PMMA cement was 
40 ]LLm and 60-70 /tm after one and four weeks 
respectively in the tibiae diaphysis [53,74]. In 
human femur, the thickness was measured at 
20-300 ^m at 11 months to 7 years [55] and at 
3-5 ;Um long-term [54]. 

Implant Loosening 

Revision of cemented orthopedic prosthesis may 
be necessary when pain occurs due to either 
movement of the prosthesis, bone fracture, bone 
cement fracture, or prosthesis fracture. More 
specifically, these complications may result from 
prosthesis-cement, or cement-bone interfacial 
loosening or micromotion due to cement frac- 
ture or cement creep. Loosening of the prosthesis 
and fracture of the cement may lead to increased 
wear and bone cement particle formation. Those 
particles, less than approximately 5 fim in size, 
are phagocytosed by macrophages which 
become activated and directly or indirectly cause 
bone remodeling and osteolysis [14,75-78]. 
However, PMMA particles ingested by macro- 
phages cannot be degraded by lysosomal 
enzymes [45 ] . The final result is cell death leading 
to tissue necrosis and chronic inflammation [79] . 
For the femoral stem, lower-viscosity bone 
cement had a revision rate 2.5 times greater when 
compared to the use of higher- viscosity cements. 
Additionally, a lower-modulus cement had a revi- 
sion rate that was 8.7 times greater than the 
higher- viscosity cements [80]. In general, revi- 
sions are required between 3.6 and 22.8 years fol- 
lowing a total hip prosthesis. The most frequent 



periods of revision are either during the first 
three years or after eight years postoperatively 
[81]. Aseptic loosening of the prosthesis is the 
principal cause of revision, implicated in 73-74% 
of cases [82,83]. Subcritical debonding associ- 
ated with the mechanisms of cyclic fatigue crack 
growth are particularly relevant considering that 
these systems will experience over 1,000,000 
physiological loading cycles per year, and are 
expected to survive a minimum of 10-15 years. 
In these terms, it is critical to understand the 
progressive debonding of the prosthesis-PMMA 
cement interface [84]. 

Secondary Reactions 

Systemic and Cardiovascular Reactions 

Methylmethacrylate (MMA) is very volatile and 
is rapidly cleared from body through the lungs 
resulting in a local concentration that remains 
very low [85,86]. MMA monomers escaping 
from the implanted polymerizing cement have 
been associated with a decrease in both systolic 
blood pressure and arterial oxygen tension [87] 
and possibly cardiac arrest [88]. However, many 
studies have not confirmed this direct correla- 
tion between concentration of MMA and blood 
pressure, heart depression, or vasodilatation 
[86,89,90]. Circulatory disturbance during hip 
implantation may be primarily due to either the 
“implantation syndrome” or to the blockage of 
pulmonary circulation by fat, bone marrow, and 
entrapped air rather than MMA monomer. 
Release of MMA could cause a drop in the 
partial pressure of arterial oxygen leading to an 
increased heart rate [91,92]. The possible meta- 
bolic pathway of MMA monomer is that the 
residual monomer is converted to methylacrylic 
acid rather than methylester. The methylacrylic 
acid, as a coenzyme A ester, is a normal inter- 
mediate in the catabolism of valine, and the 
existence of an enzymic system would permit 
methylacrylic acid to enter a normal pathway, 
leading to carbon dioxide formation. Over 80% 
of an administered dose of MMA is expired as 
carbon dioxide within 5-6 hours [90]. 

Sensitizing 

While MMA is considered to be relatively 
immunologically inert, it can induce phagocy- 
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tosis, the activation of macrophages and giant 
cells, as well as the migration of inflammatory 
mononuclear cells [13,14,52,74,78]. Jensen et al. 
[52,74] showed that MM A is extremely active in 
a guinea-pig maximization test. The hospital 
personnel who repeatedly handle coring acrylic 
bone cement are potentially at risk of develop- 
ing a delayed sensitivity [93]. Bengston et al. 
[94] reported that patients having received a 
cemented hip prosthesis had increased levels of 
anaphylatoxines which can contribute to circu- 
latory and respiratory disturbances. In contrast, 
Kanerva et al. [95] have found allergies to MMA 
to be rare in a study of patients between 1974 
and 1992 (four patients: one orthodontist, three 
dental technicians). 

Improvement of PMMA 

The objective of the development of PMMA 
bone cement is to improve the biocompatibility, 
to diminish the temperature of polymerization, 
to eliminate the generation of wear debris and 
fatigue fractures, as well as to increase the 
elastic modulus. Therefore, efforts to improve 
PMMA bone cement have proceeded in two 
main directions: (1) to change the composition 
and (2) to improve preparative techniques. 

Tertiary aromatic amines are used as acceler- 
ators for the benzoyl peroxide (BPO) -initiated 
MMA polymerization. A complex series of reac- 
tions occurs between BPO and the amine, and 
free radicals are produced that initiate the poly- 
merization process [96,97]. Several types of 
amine accelerators, such as dimethyl aniline and 
its derivatives, have been used in the polymer- 
ization of MMA by the amines/BPO initiator 
system. Their relative efficiency as accelerators 
and their activating effects on the rate of poly- 
merization have been reported [96,97]. Several 
workers have studied bone cement properties 
using a number of N,N-dimethyl-p-toluidine 
derivatives, such as 4-dimethylaminobenzyl 
methacrylate, and 4-dimethylamino phenethyl 
alcohol [96-99]. Bone cement products contain- 
ing residual monomers and amines have been 
reported in preparation where the amines/BPO 
molar ratio is outside the equimolar range [11]. 
Other studies showed that MMA polymeriza- 
tion in the presence of tir-^z-butylborane used 



as the cure initiator does not occur too rapidly, 
and the high temperature during polymeriza- 
tion is lower than that of conventional bone 
cement. The application time is short enough 
for clinical use, namely, within 10 min. As for the 
physical properties, it has a 3% lower elastic 
modulus and greater ductility than conven- 
tional cement [100]. 

Several workers have added particles or fibers 
to PMMA bone cement to improve the bio com- 
patibility and the mechanical properties. Fiber- 
reinforced bone cement possesses significantly 
greater stiffness and displays poor intrusion 
characteristics [101-103]. A number of attempts 
have been made at filling a PMMA matrix with 
hydroxyapatite and tricalcium phosphate parti- 
cles, and with bioactive glass [104-106]. The 
short-term results obtained are encouraging 
and suggest that the chemical nature of the 
bone/bioactive materials interface is very 
important relative to osteoconductivity [107]. 
For instance, PMMA bone cement can be used 
only to effectuate mechanical fixation for pros- 
theses or for physically filling bone defects. 
However, it does not exhibit the functions of 
osteointegration, biofixation, or bioresorption. 

Caldum Phosphate Cement (CPC) 

Chemical Compositions and 
Crystallization of CPC 

Calcium phosphate cements can be handled in 
paste form and set in a wet medium after pre- 
cipitation of calcium phosphate crystals in the 
implantation site. Depending on the products 
involved in the chemical reaction leading to the 
precipitation of calcium phosphate, different 
phases can be obtained with different mechan- 
ical properties, setting times, and injectability. 
Numerous components can enter the chemical 
reaction leading to calcium phosphate preci- 
pitation. More than 100 different calcium 
orthophosphate cements were used to deter- 
mine the compressive strength and the diamet- 
ric tensile strength after storage. The setting was 
carried out on more than 15 formulations. These 
cements can be divided into four classes: dical- 
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Table 8.3. Calcium and phosphate compounds 



Name 


Abbreviation 


Formula 


Ca/P 


Solubility 


Acidity 


Stability 


MonoQlcium phosphate monohydrate 


MCPM 


Ca(H,P0,),Hj0 


0.5 








Dicalcium phosphate anhydrous 


DCPA 


CaHPO, 


1.0 


+++++ 


+++++ 


+ 


Dicalcium phosphate dihydrate 


DCPD 


CaHP 04 - 2 H ,0 


1.0 


+++++ 


+++-I-+ 


-f 


Octacalcium phosphate 


OCP 


Ca,H(P0J, 


1.33 


++++ 


++++ 




Amorphous calcium phosphate 


ACP 


Ca,H(P0,). 


1.3-1.5 


+++ 


++-I- 


+++ 


Tricalcium phosphate 


TCP 


Ca,(P0Jj 


1.5 


++ 


++ 


++++ 


Hydroxyapatite 


HAP 


Ca,o(PO,WOH)j 


1.67 


+ 


+ 


-!-++++ 


Tetracalcium phosphate 


ncp 


Ca 4 (P 0.);0 


2.0 









Table 8.4. Properties of CPC 



Authors 


Powders 


Liquid 


Setting 


Strength 


Resorption 


Brown & Chow [5] 


DCPD/DCP/TTCP/HA 


H 2 O 


30-60 min 


10 MPA 


minimally 


Lemaitre et al. [ 6 ] 


a-TCP/MCPM 


H 3 PO 4 


lOmin 


25-35 MPa 


completely 


Bone Source [110] 


nCP/DCPD 


H 2 O 


10-15 min 


36 MPa 


minimally 


Norian [110] 


MCPM/a-TCP/CaCOj 


CaHP04 


lOmin 


55 MPa 


completely 


Fernandez etal.[10] 


DCPA/a-TCP 


H 2 O 




30-40 MPa 


yes 


Kurashina et al. [ 8 ] 


a-TCP/DCPD/nCP 


sodium succinate 






yes 






sodium chondroitin sulfate 








Liu et al. [9] 


nCP/DCPD/DCPA 


H 2 O 


11 min 


70 MPa 


yes 


Ginebra et al. [7] 


a-TCP//3-TCP 


Na2HP04 


5-12 min 


40 MPa 


yes 



cium phosphate dihydrate, calcium and magne- 
sium phosphates, octocalcium phosphate, and 
non-stoichiometric apatite cements [108,109]. 
The calcium and phosphate compounds in Table 
8.3 are often used to make CPC. Moreover, adju- 
vants such as chitosan, lactic acid, and glycerol 
are added to improve the injectability of the 
cement, and accelerators such as Na 2 HP 04 , 
sodium phosphate, sodium succinate, and 
sodium chondroitin sulfate to accelerate its 
setting time. 

The hardening process of CPC is complex and 
involves the dissolution of solid particles in the 
liquid, precipitation of HAP from the solution, 
and the reaction and diffusion on the particle 
surface. Under ideal conditions, continuing dis- 
solution of the reactions supplies calcium and 
phosphate ions to the solution, while HAP for- 
mation depletes these ions. This process drives 
the solution composition to an invariant point, 
which is the intersection of the solubility curves 
for these two reactants. The pH is about 7.8, but 
this process is affected by many parameters, 
such as the component and the particle sizes of 
the solid phase, presence of HAP seed and prop- 
erties, aqueous liquid, etc. 



Physical and Mechanical 
Properties of CPC 

All CPC are formulated as solid and liquid com- 
ponents that, when mixed in predetermined 
proportions, react to form HAP. This final reac- 
tant is important because it determines whether 
the end product will be nonresorbable, mini- 
mally resorbable, or completely resorbable. The 
powder component usually consists of two or 
more calcium phosphate compounds, whereas 
the liquid component is either water, saline, or 
sodium phosphate (Table 8.4). Some of the 
calcium and phosphate compounds involved in 
bone and mineral formation, or as implants, are 
listed in Table 8.3. These materials have been 
well characterized chemically and have not been 
reported to cause foreign-body reactions or 
other forms of chronic inflammatory response 
[ 110 ]. 

The physicochemical reaction that occurs 
during mixing solid and liquid compounds of 
CPC is complex. Briefly, when different calcium 
phosphate salts are mixed in an aqueous envi- 
ronment, dissolution of the solid compounds. 
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then a precipitation or a nucleation, and finally 
a phase transformation occur. The process 
leading to final phase transformation of the dif- 
ferent forms of calcium phosphate salts is 
dependent on their solubility, product constant, 
and pH. It is important to realize that water is 
not a reactant in the setting reaction of the 
cement, but it allows dissolution of the solids 
and precipitation of the products. The nature of 
the apatite makes the final form biocompatible 
and promotes a chemical bond to the host bone. 

It is possible to transform the cement into an 
injectable paste by addition of adjuvants 
without fundamentally modifying the chemical 
reactions occurring during setting and harden- 
ing of the CPC. Leroux et al. [Ill] found that 
glycerol greatly improved the injectability and 
increased the setting time, but decreased the 
mechanical properties. Lactic acid reduced the 
setting time, increased the material toughness, 
but limited the dissolution rate. After injection, 
the cement did not present any disintegration. 
The effects of lactic acid were correlated with 
the formation of calcium complexes. Its associ- 
ation with sodium glycerophosphate is particu- 
larly important. Chitosan alone improved the 
injectability, increased the setting time, and 
limited the evolution of the cement by main- 
taining the CPC phase. 

CPC have an inherent compressive strength at 
the final set that can govern their utility. Varying 
the crystallinity of the HAP or the particle size of 
materials used in the solid phase may alter the 
compressive strength. Because CPC are relatively 
insoluble at neutral and alkaline pHs, their 
porosity is related to the ratios of powder to 
liquid used in the starting mixture. Obviously, a 
cement with a high porosity would be expected to 
be of low compressive strength. Cements with 
a high compressive strength would be expected 
to find utility where they would stabilize non- 
displaced bone fractures, or repair large bone 
defects, or fix surgical prostheses. Cements with a 
low compressive strength would limit their utility 
and only fill small bone defects. 

Biological Properties of CPC 

Calcium and phosphate compounds of CPC 
have attracted considerable attention because 



they set like a dental cement and form hydrox- 
yapatite as end product, which is the major 
mineral components of teeth and bone. A 
number of studies in vitro and in vivo have 
shown that CPC had no toxicity, negative 
mutagenicity, and no potential carcinogenicity 
[112,113], no or slight inflammatory reactions, 
good osteoconductivity and bioresorption [114] 
as well as light exothermic temperature (<40°C) 
during CPC hardening. However, CPC particles 
could be harmful for osteoblasts with a decrease 
of viability, proliferation and production of 
extracellular matrix, especially when their size 
was smaller than lO^m. A dose effect was 
present, a ratio of 50 CPC particles per osteo- 
blast could be considered as the maximum an 
osteoblast supported. The acidification of the 
medium due to the dissolution of CPC could not 
be responsible for the decrease of osteoblast 
functions because the control of the pH value of 
the medium showed no change. It was, then, 
direct interaction of osteoblasts with particles 
that was involved in the decrease of osteoblast 
functions [115]. Some adjuvants of CPC can 
induce acidification and release some elements 
to modify the biological properties. We have 
cultivated osteoblasts on the CPC surface; cell 
proliferation increased after the first 7 days 
followed by a decrease and finally an absence of 
cells at the 21st day. This result indicated that the 
acidification of the medium and disaggregation 
of the CPC are the two important factors, 
directly influencing cellular attachment and 
proliferation in vitro at cement surface. But, 
these cements are generally the product of an 
acid-base reaction which did not seem to induce 
any necrosis as in vivo, no visible zone of dead 
tissue was seen because of acid-base balance in 
the organism. 

Tissue reactions to CPC are different in dif- 
ferent tissues. When CPC was implanted in cuta- 
neous tissue, a slight inflammatory reaction 
with numerous macrophages and few foreign- 
body giant cells were observed in the connective 
tissue adjacent to the cement implant. However, 
when CPC was implanted in bone tissue, new 
bone was formed around the implant within 1 
to 2 weeks, cements were resorbed and replaced 
by bone tissue from 4 to 8 weeks, then bone 
remodeling occurred in the implanted zone. 
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without inflammatory reaction nor osteonecro- 
sis in all phases [114,116,117]. From this 
difference, it could be hypothesized that micro- 
movements persist in the materials implanted in 
the soft tissue which stimulate the tissue around 
the implant to cause inflammatory reactions. On 
the other hand, the materials implanted in the 
bone tissue are immobilized by bone tissue 
which may explain the absence of this reaction. 

There is controversy as to the resorption and 
replacement of CPC by bone tissue. Ikenaga et 
al. [118] reported that CPC resorption was about 
8% at 2 weeks and 92% at 12 weeks, and new 
bone formation was about 1% at 2 weeks and 
35% at 12 weeks in the femoral condyle of 
rabbit. When CPC was implanted in same site, 
Frayssinet et al. [119] found a resorption of 54%, 
68%, and 89%, and new bone formation of 25%, 
32%, and 23% at 2, 6, and 18 weeks, respectively. 
Our study has shown that new bone formation 
increased from 2 to 24 weeks, and the material 
resorption was about 10%, 15%, 30%, and 60% 
at 2, 4, 12, and 24 weeks, respectively, in the tibiae 
condyle of rabbit [114]. In contrast, Costantino 
et al. [120] made 2.5 cm-diameter, full-thickness 
parietal skull defects in cats and reconstructed 
them with CPC. By 6 months, the CPC was 
replaced by new bone and soft tissue 7.2 mm in 
depth from the cement surface. Of the replace- 
ment tissue, 77.3% was new bone and the 
remaining portion was soft tissue. Friedman et 
al. [121] found very little resorption of CPC or 
new bone deposition when the frontal sinus in 
the cat was obliterated and reconstructed with 
CPC. These differences are thought to be caused 
by many factors, including differences in species 
and age among the experimental animals, 
anatomical site, method and duration of 
implantation, composition of the CPC, etc. 

CPC is only an osteoconductor without 
osteoinduction, and is in direct contact with 
osteoid or/and bone, but osteoblasts are rarely 
in direct contact with the CPC surface. This may 
be due to the fact that a space rapidly is formed 
by the material degradation at bone/cement 
interface, and/or that products of the dissolu- 
tion influence cellular adhesion. The biodegra- 
dation of CPC involves the mechanisms of 
biomaterials, which are resorption by phago- 
cytic cells and dissolution by a physicochemical 



process. However, the degradation at the begin- 
ning is performed by the dissolution with the 
weak cellular process because of the presence of 
few osteoclasts, macrophages and foreign-body 
giant cells. From the second week, numerous 
macrophages, few foreign-body giant cells, and 
rare osteoclasts are found around the cement, 
and CPC particles form at the interface and 
inside the cells are visible. We consider that the 
process of biodegradation is directly influenced 
by the type of crystallization of the calcium 
phosphate material. For example, sintered 
calcium phosphate bioceramics processed at 
high temperature exhibit good crystallization 
and are primarily degraded by a process 
dependent on interstitial liquids. However, 
phosphocalcic bone cement is formed by 
physicochemical crystallization and is primarily 
degraded through a cellular process. 

The mechanical properties of CPC (compres- 
sive strength from 20 to 60 MPa) are less strong 
than those of PMMA cement (>70MPa). 
Biodegradation and new bone formation dur- 
ing implantation modify their properties. 
Yamamoto et al. [122] tested CPC and showed 
that compressive strength increased at 3 days 
and 1 week, and decreased at 4 weeks in 
vitro; in vivo, it increased at 3 days; 1 and 2 
weeks, and decreased at 4 weeks. The values 
of these results in vivo were only 50-70% of 
those in vitro. Our study revealed a strong 
decrease of compressive strength after 2 weeks 
due to biodegradation, followed by a slight 
increase from 4 weeks due to new bone forma- 
tion. There was a general decrease in the elastic 
modulus with time [114]. This change of the 
mechanical strength is supposed to be related 
to the kinetics of recrystallization where the 
mechanical strength increased according to 
the progress of recrystallization, but degrada- 
tion of dissolution subsequently starts after 
crystallization. This change also suggests 
that calcium phosphate cement would be 
remodeled or resorbed in the long term. This 
is like hydroxyapatite, used as a bone 
substitute material, and is also the expected 
characteristic of calcium phosphate cement, 
used for enhancing the initial fixation of 
implants and promote biological fixation in the 
long term. 
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Clinical Applications of CPC 

CPC are resorbable materials with osteocon- 
duction, which are not toxic, not exothermic, 
and are excellently biocompatible, but their 
mechanical properties are not ideal, limiting 
their clinical utilization. They are only used to 
fill small bone defects or to increase bone 
volume as bone substitute. Shindo et al. [123] 
reported that CPC has been used to increase the 
supraorbital ridge in dogs, as well as in a variety 
of skull base defects. It was also used in 24 
patients to increase or obliterate the frontal and 
ethmoid sinus regions and mastoid cavities. 
When these patients were observed for 2 years, 
it was necessary to remove the material in only 
one patient. Kveton et al. [124,125] reported on 
the 2-year follow-up of 15 patients who under- 
went CPC reconstruction for translabyrinthine, 
middle cranial fosse, and suboccipital craniec- 
tomy; no complication were shown. Stankewich 
et al. [126] and Goodman et al. [127] showed 
augmentation of femoral neck fracture with 
CPC, which significantly improved the initial 
stability and failure strength of the fractures. 
The cement has also been used to stabilize distal 
radius fractures in 6 patients and appeared to 
promote healing and permit early mobilization 
of the wrist [128]. Kopylov et al. [129] used an 
injectable calcium phosphate bone cement with 
external fixation in the treatment of redisplaced 
distal radial fractures by a prospective random- 
ized study in 40 patients. The chosen primary 
effect variable was grip strength at 7 weeks. 
Patients treated by injection of CPC had better 
grip strength, wrist extension, and forearm 
supination at 7 weeks. There was no difference 
in functional parameters at 3 months or later. 
None of the methods could fully stabilize the 
fracture: radiographs showed a progressive 
redislocation over time. 

Development of CPC 

The rationale for using CPC is that this mater- 
ial will be completely resorbed and replaced by 
new bone. Two processes are simultaneously 
involved: (1) the degradation of CPC performed 
by osteoclasts and macrophages, and (2) the cre- 



ation of new bone performed by osteoblasts. 
The presence of CPC particles could disturb the 
osteoblast ability to make new bone. An unsta- 
ble mechanical situation could result if bone 
formation is delayed by particles resulting from 
CPC degradation. It would then be important 
for future CPC development to minimize the 
generation of particles smaller than lO^m. 

Since the mechanical properties limit the 
clinical utilization of CPC, its composition or 
the adjuvants may be modified to maximize 
crystallization to improve the mechanical prop- 
erties. When CPC is rapidly resorbed during 
implantation and new bone formation is insuf- 
ficient in the implanted site, or slowly resorbed 
to prevent new bone formation and CPC looses 
its initial properties, the mechanical properties 
are decreased. 

In orthopedic surgery, PMMA cements are 
frequently used to fix prostheses due to its 
strong mechanical fixation, but this fixation pre- 
sents loosening, especially in long term, because 
of the absence of biological fixation by bone 
tissue. For the fixation of surgical prostheses, it 
is necessary to obtain mechanical fixation in a 
short time (1-3 months) and biological fixation 
in the longer term (beginning after 1 month). 
The mechanism of this fixation supposes that 
prostheses are fixed by bone cement or by bone 
tissue, then the cement is resorbed and conducts 
new bone formation into the surface of the pros- 
thesis with excellent osteointegration to obtain 
biological fixation. We think that when non- 
cemented prostheses are combined with CPC, 
there is: 1) a mechanical fixation due to non- 
cemented prosthesis with a blockage between 
the prosthesis and bone tissue, and 2) the 
cement can fill the residual cavity around the 
prosthesis. Ostoegenesis and osteoconduction 
will lead to fixation of the prosthesis by new 
bone formation. 
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9 Calcium Phosphates in Orthopedic Surgery 

R Frayssinet 



The first-generation calcium phosphate ceram- 
ics have been in daily use in human surgery for 
more than a decade. They were first used as 
bone substitutes in devices for guided tissue 
regeneration then as thin coatings to improve 
metal biocompatibility. Calcium phosphate 
ceramics were the first materials to be synthe- 
sized almost exclusively for orthopedic use. 
They were initially used because of their 
chemical similarity to the bone mineral matrix 
which consists of A or AB carbonated apatite 
[1,2,3]. 

Three types of calcium phosphate materials 
are commercially available for orthopedic 
surgery: 

Calcium phosphate ceramics for use as bone 
substitutes or spacers 

Calcium phosphate cements for injection in 
paste form 

Calcium phosphate coatings on metal 

These three types of material have different 
characteristics which means that their subse- 
quent behavior in bone or connective tissue is 
also different. 

Calcium Phosphates Used In 
Orthopedic Surgery 

Different salts of orthophosphoric acid (Table 
9.1) can be used as orthopedic materials. Their 
solubility increases as the Ca/P ratio decreases. 
The solubility of these compounds is greatly 
affected by pH and they become more soluble as 
the pH decreases [4]. 

The chemical formula of the synthetic com- 
pound HA is closest to that of the mineral phase 



of bone. This is the main reason why it has been 
intensively investigated for bone biocompati- 
bility. HA can also serve as a reservoir for 
various ions in the human body because of the 
numerous substitutions that can occur in its 
lattice. 

Calcium Phosphate Ceramics 

Ceramics have been processed in the same way 
for thousands of years. The calcium phosphate 
powder is suspended in a slurry, which is liquid, 
then shaped before being sintered. The slurry 
is heated almost to fusion temperature which 
favors the migration of matter between the 
grains and the formation of bridges. As the 
surface energy is smaller for large than for small 
grains, their size increases and the distance 
between the grain centers decreases. The sinter- 
ing process also makes the surface area of the 
ceramic smaller [5]. 

Calcium phosphate ceramics thus consist of 
calcium phosphate grains with various charac- 
teristics depending on the manufacturing 
process and the properties of the raw powder. 
The characteristics of calcium phosphate bioce- 
ramics affect their behavior once implanted in a 
biological medium. Calcium phosphate ceram- 
ics have been described as bioactive materials 
[6]. This bioactivity has been attributed to the 
epitaxial nucleation of carbonated apatite at the 
surface of the grains [7]. This characteristic for- 
mation of a carbonate apatite layer at the ma- 
terial surface is shared by all bioactive materials, 
e.g., calcium phosphate ceramics and bioactive 
glasses. 

The microstructure of the calcium phosphate 
ceramic also affects the behavior of the material. 
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Degradation of the material occurs preferen- 
tially at the grain boundaries (Figure 9.1). This 
leads to a release of individual ceramic grains or 
agglomerates (Figure 9.2). Once released, these 
grains are then phagocytosed by macrophages 
or giant cells. They are internalized into lyso- 
zomes which are low-pH cell compartments [8]. 
The calcium phosphate particles are dissolved at 
this pH but the released calcium and phosphate 
are not used locally as has been shown by his- 
toradiology. 



Table 9.1. Main salts of orthophosphoric acid that can be used in 
orthopedic devices 



Symbol 


Name 


Formula 


Ca/P 


DCPD 


Brushite 


CaHP0.,2Hj0 


1 


OCP 


Octocalcium phosphate 


Ca,Hj(PO,)^HjO 


1.33 


TCP 


Tricalcium phosphate 


Ca,(P0.)j 


1.5 


HA 


Hydroxyapatite 


Ca„(P0.W0H); 


1.67 


TCPM 


Tetracalcium phosphate 


Ca.(P 04);0 


2 



The Influence of Particle Release 
on Calcium Phosphate Ceramics 
Biocompatibility 

The characteristics of the released particles are 
of importance in the biocompatibility of the 
calcium phosphate device (Figure 9.3). It has 
been shown in vitro that, when macrophages are 
grown in the presence of calcium phosphate 
particles, the amount of cytokines (II- 1 and 
11-6) and growth factors (TNF-a) synthesized 
differ, depending on the particle characteristics. 
It was also shown that for certain characteristics 
such as shape, the increase in cytokine synthe- 
sis was transitory. Cytotoxicity based on the 
Na/K of the cytoplasm also differed depending 
on the particle characteristics. It was also evi- 
denced that cytokine synthesis did not increase 
linearly with cytotoxicity. This study clearly 
demonstrated that the biocompatibility of 
calcium ceramics is largely conditioned by the 




HA 

T3 



Figure 9.1. Dissolution of the ceramic at the grain boundaries (arrows). The liberated particles are then phagocytosed into macrophages present 
at the ceramic surface. 
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Figure 9.2. Calcium phosphate grains (black) released from a ceramic and phagocytosed into mononuclear cells (N: nucleus). Backscattered MEB 
x1,000. 



adsorption 





Figure 9.3. Once phagocytosed within macrophages, the particles trigger a synthesis of cytokines and growth factors which in turn activate other 
cells such as osteoclasts. 
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released particles which may activate the 
macrophages phagocytosing them and lead to 
the release by these cells of cytokines which in 
turn activate the osteoclasts or the osteoblasts 
(Figure 9.3). 

Integration of Calcium 
Phosphate Ceramics 

The first cells to be in contact with the ceramic 
are circulating cells of monocyte origin which 
come into contact with the ceramic even if no 
connective tissue or blood vessels are present in 
the pores of the ceramic. These cells are located 
exclusively at the material surface and there is 



OsteohlaM differentiation 
/ ^ zone ^ 

Stem cell zone 



Figure 9.4. The different zones on a section of a calcium phosphate 
ceramic (gray) pore regarding the osteogenic cell differentiation. 



no doubt that it is their role to synthesize infor- 
mation factors aimed at the cells of the healing 
tissue. 

These cells are followed by a connective tissue 
which produces a densified collagen network in 
contact with the ceramic surface. Osteoblasts 
then differentiate at the contact with the 
ceramic surface. They do not differentiate any- 
where in the volume delimited by the ceramic 
pore, but differentiate almost exclusively at 
the ceramic surface where they synthesize an 
immature bone on the pore walls. Thus, the stem 
cells are located in the pore center whereas the 
differentiated cells are in the outer layer (Figure 
9.4). The osteogenic stem cells are characterized 
by their fibroblast-like aspect and an alkaline 
phosphatase activity of the membrane. 

The final stage is one of remodeling during 
which the immature bone, synthesized by the 
osteoblasts at the pore surface, is replaced by a 
layered bone and the ceramic degraded in the 
biological fluids is fragmented and progres- 
sively replaced by bone (Figure 9.5). 

HA Coatings 

HA coatings are made of calcium phosphate 
grains introduced into a plasma gas formed 
between two electrodes subjected to a high 




Figure 9.5. Fragmentation of a calcium phosphate ceramic (HA) after one year of implantation in human bone. Newly formed bone (bone) has 
integrated the fragments. 
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crystalline 
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HA 


high crystallinity 




low crystallinity 






foreign phases 




liquid (molten phase) 






Figure 9.6. Structure of HA particle during plasma spraying showing the different phases appearing in the HA particles. 




HA PLASMA SPRAYED COATING 



METAL 



alumina particle 
(blasting) 



pore 



^unmelted HA particle 
(high crystallinity) 



cracks 



•“CaO 



••‘amorphous Ca-P 
(non crystalline) 



••‘phases of decomposition other 
than CaO: (TCP - TTCP) 



HA particle 
(poor 

crystallinity) 



Figure 9.7. Structure of a plasma coating showing grains of crystalline HA dispersed in a continuum phase made of amorphous calcium 
phosphate, and jS-TCR 



potential difference. The recombination of elec- 
trons with the ions on the electrodes produces 
great energy causing the gas to expand and 
project the particles towards a target. 

The HA particle is transformed when intro- 
duced into the plasma. While the crystalline 
core of the particle remains unchanged, the 
superficial layer melts and, depending on the 
cooling speed of the particle at the target 
surface, certain contaminating phases may 
appear in the periphery of the crystalline phase 
(Figures 9.6, 9.7). With plasma spraying under 
atmosphere, the coating thus consists of a dis- 



persed crystalline phase within a continuous 
phase composed of amorphous calcium phos- 
phate, tricalcium phosphate, or even CaO. In 
general, any CaO is located preferentially at the 
junction between the coating and the sand- 
blasted metal. This continuous phase is difficult 
to characterize due to the presence of the amor- 
phous phase. The fate of calcium phosphate 
coatings once implanted depends on their 
microstructure. Not all the different calcium 
phosphate phases present in the coatings have 
the same solubility. TCP, amorphous calcium 
phosphates, and CaO are much more soluble at 
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Figure 9.8. SEM of a section of a HA-coated prosthesis implanted two years in a human showing that the coating has been almost totally destroyed. 
The big fragments of HA are integrated in the newly formed bone at the metal surface (titanium alloy) while small particles are phagocytosed by 
macrophages and are located in the bone marrow cavity. 



neutral pH than the HA phase. Thus, the crys- 
talline phase in the form of grains appears pro- 
gressively and is released from the coating in the 
extracellular fluids where the behavior of these 
particles will differ depending on their size. 
Particles smaller than a few dozen microns are 
phagocytosed in macrophages or giant cells. 
Large particles can be inserted in the newly 
formed bone or stay in the connective tissue 
(Figure 9.8). 

The increased solubility due to a contaminat- 
ing phase at the interface between the ceramic 
and the metal can be visualized at the histologi- 
cal level by the preferential progression of bone 
trabeculae between the coating and the sand- 
blasted metal surface or even delamination by 
connective tissue (Figure 9.9). 

The process of integration is identical with 
that of bone substitute. Furthermore, the inte- 
gration is highly reproducible as the stem is 
implanted in an osteogenic medium. It is well 
known that surgical injury to the bone marrow 
triggers a synthesis of osteogenic factors [9]. 
The presence of the coating is responsible for 
perfect integration of the sandblasted metal 



surface into bone even several years after the 
calcium phosphate coating has disappeared. 

It should be noted that the degradation rate 
of the coating is not the same at all levels of the 
stem. It is much higher in the proximal zone 
than in the distal one [10] for prostheses having 
a total coated surface. Several explanations can 
be given. The smaller amount of bone around 
the proximal coating makes a higher surface of 
material available for resorbing cells migrating 
from the bone marrow. The mechanical status of 
the different levels may also be of importance. 
The stress shielding occurring at the proximal 
level could also be responsible for a deficit in 
bone and higher remodeling of the coating. 

Calcium Phosphate Cements 

Calcium phosphate cements are materials which 
precipitate under a phase different from that in 
suspension in the paste. They are obtained by an 
acid-base or hydrolysis reaction. The resulting 
material is unlike a ceramic. Its mechanical 
cohesion is obtained by entanglement of the 
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Figure 9.9. Backscattered SEM of HA coating (CT) from a Coral® stem (DePuy-France) implanted in humans for two years. The coating is separated 
from the sandblasted metal (Tl) and shows multinuclear cells at its surface resorbing it. Backscattered MEB x250. 



precipitated crystals and not by grain fusion. 
This microstructure leads to a very high surface 
area and a higher dissolution rate than ceram- 
ics even with the same chemical composition. 
Four kinds of cements have been described: 
apatite, brushite, octocalcium phosphate, or 
amorphous calcium phosphate cements [11,12]. 

The precipitation reaction is a stoichiometric 
reaction with water and other ions or molecules. 
This means that setting of the material in a bio- 
logical medium is affected by the amount of 
water and ions in that medium. The mechanical 
properties of a cement set in wet or dry medium 
are not at all similar. A cement set in a wet 
medium exhibits much poorer compressive 
properties than the same cement set in a dry 
medium. 

The biological properties of some cements 
are also affected by the setting of the cement in 
situ [13]. In certain cases, cements implanted 
already set show better osseointegration than 
the same cement implanted in paste form. 

Histological analysis of some cements 
implanted in humans also demonstrated that 
when integrated into bone, many cracks are 



present in the material and are enlarged by the 
progression of bone trabeculae. 

Calcium phosphate cements have been pro- 
posed for the stabilization of unstable fractures 
by injection in the fracture zone [14]. It is 
obvious that the mechanical properties of a 
cement injected into the fracture gap cannot be 
predicted as the shape is complex and never 
the same, and the setting irregular due to the 
various amounts and composition of the extra- 
cellular medium in which the cement is injected. 
Other applications for these materials should 
appear such as drug carriers for bone infection 
or for metastasis or as materials for the incor- 
poration of growth factors. 

Conclusions 

Calcium phosphate ceramics and/or cements 
have been specifically developed as orthopedic 
materials. They show very good biocompatibil- 
ity and bioactivity when implanted into bones. 
They can also be remodeled and progressively 
replaced by newly formed bone. Their degrada- 
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tion products can be taken into the calcium and 
phosphate turnover of the organism while any 
large fragments are or can be incorporated into 
the bone. The first generation of calcium phos- 
phate materials was osteoconductive. A new 
generation is being developed which will be 
osteogenic by association of osteogenic cells or 
osteoinductive by the association of growth 
and/or morphogenetic factors. 
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There are two causes of failure in the surgical 
treatment of metastatic tumors: first, local re- 
currence of the tumor is not always prevented, 
even after extra-tumoral surgical exeresis and 
systemic chemotherapy, and secondly, failure 
of osteosynthesis after surgery. For these 
reasons, we thought that it would be helpful 
to provide local chemotherapy during and 
immediately after surgery, for instance, by 
adding an antimitotic to the acrylic cement 
used to replace the bone loss or to seal recon- 
struction prostheses. It was thought that the 
antimitotic would be likely to be released into 
the surrounding tissues in the same way as 
many antibiotics. Diffusion into the surround- 
ing tissues is well established for numerous 
antibiotics [1-6]. 

We performed a number of experiments 
[7-9] to assess acrylic cement as a vehicle for 
local chemotherapy: 1) Diffusion of antimitotic 
drugs from acrylic cement was studied in vitro 
to determine that these drugs were released and 
were still biologically active after exposure to 
highly reactive monomer and the exothermic 
curing reaction. 2) Experiments in vivo were 
performed on two groups of animals. We tested 
the effect of such local chemotherapy on 
experimental osteosarcoma of the rat and on 
dogs with spontaneous osteosarcoma. General 
and local tolerance of the antimitotic-loaded 
cement was assessed. 

Finally, we report our preliminary clinical 
investigations [10-12] with pharmacological 
data from patients. It was possible to envisage 
using cement/drug mixtures to treat orthopedic 
complaints calling simultaneously for mechani- 
cal consolidation of the bone [13] and in-situ 
release of a drug: one example would be the 
strengthening of bone with cement after resec- 



tion of a bone tumor [14] plus the local release 
of antimitotic drugs from the implant. 

Cement was the first vehicle to be studied for 
the purpose of releasing local chemotherapy. 
Methyl polymethacrylate (PMMA) fulfils the 
two following criteria: it has good biocompati- 
bility, since the system has to remain in situ 
throughout the rest of the patient’s life; it is not 
biodegradable, so that it provides mechanical 
support for bone which has been weakened by 
the surgical exeresis of a neoplastic site. 

Many antimitotic drugs are available; for our 
first investigations we used methotrexate and 
cisplatine. Methotrexate was chosen because 
its concentration is easy to determine by spec- 
trophotometry, and because there is an antidote 
(citrovorum rescue) for adverse effects. We used 
the acrylic bone cement currently employed by 
the authors for clinical arthroplasty. 

Study of the Release of 
Methotrexate (MTX) 

The first study investigated the in-vitro release 
of antimitotics included in acrylic cement. 
After confirming that this release does actually 
occur, starts rapidly, and is maintained over a 
prolonged period, two further studies were 
then carried out in vivo: one in dogs suffering 
from spontaneous osteosarcoma, in order to 
investigate the release of the antimitotic from 
the cement into the plasma, the systemic safety, 
and the local activity of the antimitotic-loaded 
cement following exeresis of the neoplasm. 

The second study was conducted in labora- 
tory rats with implanted osteosarcomas. This 
type of tumor was used so that a large number 
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of animals with tumors could be studied and 
divided into uniform groups. Under these 
experimental conditions, it was possible to 
monitor the progress of the tumors left in situ 
as well as the histopathological changes brought 
about by the local action of antimitotics 
released from implants. 

Kinetic Profile of the Release of MTX 
from Implants 

To investigate the release of MTX from a block 
of acrylic cement implanted into the tissues, 
cubic test pieces were placed in 32 ml of phy- 
siological saline, which was changed every day. 
The concentration in the elution fluid was mea- 
sured before each change. These test pieces were 
made from a mixture of 500 mg methotrexate 
powder, 46.5 g of polymer, and 20 ml of 
monomer, poured into 2 cm cubic moulds. Each 
cube weighed about 13 g and contained approx- 
imately loo mg of methotrexate. Methotrexate 
elution was evaluated daily for 15 days and then 
weekly for six months for six specimens, the 
results being given as an average of the six. 

The release profiles from implants containing 
1% w/w have shown that methotrexate is 
released more rapidly during the first two hours 
and 10% of the load is released within the first 
18 hours. The rate of release then slows. 
Implants immersed in an extraction medium 
which is changed regularly continue to release 
methotrexate for six months; the quantities 
released initially being greater the greater the 
initial load. 

The Release of MTX from 
Acrylic Cement 

This has been investigated in vivo in dogs with 
spontaneous sarcoma. We therefore chose an 
animal with a weight close to that of man, and 
a spontaneous tumor with an evolution like that 
of human osteosarcoma, similarly hypervascu- 
lar because this may influence the diffusion of 
cisplatine. In experiments at the National 
Veterinary School of Maisons-Alfort, we used 
dogs with spontaneous osteosarcoma. This is a 
malignant tumor [15,16] with the same aggres- 



sive properties as the human type. It affects 
the very large breeds of dog such as the Saint 
Bernard (mean weight 70 kg), the mastiff (55 
kg), and the boxer (30kg). It progresses rapidly 
in the absence of treatment, and death is the rule 
in a few months [17,18]. Simple resection of the 
tumor rapidly leads to local relapse, and even 
after amputation 85% of dogs die within seven 
months of diagnosis [15,19,20]. The loss of sub- 
stance resulting from the exeresis of the tumor 
was compensated for using freshly prepared 
methotrexate-loaded cement. The dose of 
methotrexate received ranged from 1.6 to 
16 mg/kg. Two hours after being implanted, 
plasma levels of methotrexate ranged from 
0.08 to 0.02 micromoles/liter (1 micromole of 
methotrexate = 0.455 mg). After 24 hours, the 
plasma levels were between 0.1 and 0.02 micro- 
moles/liter and by the third day were no longer 
detectable. Toxic effects were observed on day 4 
in the three animals which had received a dose 
of more than 200 mg of methotrexate. The other 
animals, which had received a dose of between 
100 and 150 mg, did not display any signs of tox- 
icity. The survival curve of the animals in this 
group seemed to be better than that of the 
animals which underwent surgery without adju- 
vant treatment, where 85% of the animals had 
died within seven months. 

The Efficacy of MTX-loaded Implants 

This was investigated using the experimental 
model of osteosarcoma in the rat [21,22]. Using 
implants equivalent to 1.5 mg of active con- 
stituent, tumor growth was temporarily slowed 
and the survival time of the animals signifi- 
cantly prolonged. 

These experiments have shown that the rise 
in temperature which accompanies the poly- 
merization of the cement does not destroy MTX 
and, like antibiotics, MTX can be released from 
the cement. Migration probably occurs as a 
result of diffusion; the cement constitutes a 
network of pores and micro-fissures which 
makes it accessible to the liquid medium in 
which it is immersed. This liquid penetrates 
into the system and dissolves the crystals of 
MTX which then diffuse into the surrounding 
medium. This mechanism is certainly the 
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dominant one at work during the early stages of 
MTX release. It probably accounts for the initial 
peak which characterizes the kinetics of MTX 
release. It is logical to suppose that the outer 
layers of the cement are more accessible to the 
liquid medium than the inner layers. 

Study of the Release of Cisplatin 

Cisplatin is one of the antimitotics which would 
be suitable for mixing with cement and it has 
the following characteristics: it is often used to 
treat primary bone tumors; in the context of 
bone metastases from visceral tumors, it is gen- 
erally used in multiple-drug therapy of tumors 
which are characterized particularly by being 
radio-resistant and resistant to other antimitot- 
ics [23-27]: hence the appeal of a local cisplatin- 
based therapy, which has the advantage of being 
radio-sensitizing [28]. 

Cisplatin takes the form of a whitish-yellow 
crystalline powder. It has no melting point as it 
decomposes without melting at 270 °C. Cisplatin 
has a solubility in water at room temperature of 
1 mg/ml. 

In the solid state, cisplatin is relatively stable. 
In contrast, in solution it forms mono-aquo and 
di-aquo derivatives by the successive shedding 
of chloride ions. Cisplatin is most stable in 
solution at an acid pH and in the presence of 
chloride ions, which prevent a shift in the reac- 
tion equilibrium towards the formation of 
degradation products. It should also be noted 
that cisplatin has a chemically inert structure 
with few reactive groups. Differential thermal 
analysis did not provide further information in 
this regard, as cisplatin decomposes without 
melting at around 270 °C and parasite peaks 
from PMMA superimpose on the cisplatin peak 
at these temperatures. X-ray diffraction did, 
however, allow us to demonstrate that there 
is no difference between the spectrum of the 
physical mixture and that of the cisplatin 
implants. Moreover, this hypothesis was sup- 
ported by a very simple experiment in which an 
accurately weighed 5% cisplatin implant was 
dissolved in methylene chloride, a solvent for 
the polymer but not the cisplatin. The cisplatin 
crystals were sedimented and extracted by a 9 p. 



1000 solution of sodium chloride in a separat- 
ing funnel. Assay of this solution revealed that it 
contained all of the active ingredient present in 
the implant. The very slow release of cisplatin 
does not therefore appear to be due to a chem- 
ical bond with the polymer, but rather to the fact 
that a large proportion of cisplatin is trapped in 
the matrix. 

The mixture was prepared as follows: during 
the first step, the active constituent, cisplatin, 
was mixed with the polymer. A predetermined 
weight of polymer was placed in a porcelain 
mortar. A known quantity of cisplatin was then 
added in small fractions. In the second step, the 
monomer was added, depending on the quan- 
tity of polymer taken, the volume of polymer 
being that recommended by the manufacturer. 
The constituents were then thoroughly mixed 
for four minutes to form a homogeneous paste. 

This paste was then poured into the barrel of 
a stoppered syringe. The mixture was then 
expelled by the pressure of the piston into 
polyethylene moulds measuring 6.7 mm (inside 
diameter) by 10.3 mm in height (cylindrical 
mould, Prolabo, Paris, France). The implants 
were left in the moulds for 24 hours to allow 
complete polymerization to take place, and then 
tipped out and kept in darkness and at room 
temperature. The in-vitro release of cisplatin 
was investigated by placing the implants in a 
release medium with the following composi- 
tion: sodium chloride: 9g, distilled water, qsp 
1000 ml, 1 N hydrochloric acid, qsp, pH = 4. After 
weighing, the implants were placed in the 
release medium at 37 °C and stirred in darkness. 
Samples were taken at regular intervals and an 
equal volume of fresh medium added to replace 
the reaction mixture removed. “Sink” conditions 
were maintained, i.e., the concentration of cis- 
platin in the release medium was never more 
than one tenth of the saturation concentration 
(i.e., 100 mg of cisplatin per liter). 

The in-vitro release data obtained from 
implants containing various loads of cisplatin 
(from 1 to 20% w/w) are shown as a function of 
time: the quantities released were related to the 
initial concentration of cisplatin in the implants. 
For instance, after 90 days, the implants with 
the highest load had released about 12% of 
cisplatin, whereas implants containing 1% had 
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released only 3% under these experimental con- 
ditions. It should also be noted that the release 
was incomplete from all the implants and never 
reached 100% of the initial load. 

In the case of pure PMMA films, diffusion 
experiments have shown that cisplatin in 
solution had great difficulty in crossing even a 
thin membrane. Cisplatin therefore appears to 
be unable to cross pure PMMA. In the case 
of PMMA/MMA films, we found that up to a 
certain thickness, cisplatin was readily able to 
diffuse across the membrane. This diffusion can 
be accounted for by the structure of the 
polymer, which is not a uniform matrix, but a 
layer of spheres of PMMA linked to one another 
by the polymerized monomer. In solution, cis- 
platin must be able to diffuse into the relatively 
less compact zone between the spheres, which 
may have defects of structure and cohesion. 
However, at thicknesses from 133 microns, dif- 
fusion is slower, as if a thicker layer of spheres 
impedes the diffusion of the active constituent. 
These findings should be interpreted in the 
light of the structure of the cement viewed 
under electron microscopy, which reveals areas 
of regular polymer and defects, fissures which 
doubtless permit the diffusion of cisplatin. 

Clinical Experience 

The clinical research was done at the Henri 
Mondor hospital and has confirmed the experi- 
mental data obtained in animal studies. It 
provided the basis of the protocol for clinical 
use. 

During surgery, a dose of 100 mg of MTX 
mixed with a complete dose of cement (46 g of 
polymer and 20 ml of monomer) was adminis- 
tered, followed by an intramuscular administra- 
tion of folinic acid between 72 and 86 hours 
later. This was well tolerated by the patient. The 
local concentration of MTX found in the drains 
within the first few hours may reach levels 
10,000 times greater than the plasma concen- 
tration and remained 100 times greater than the 
plasma concentration for the next three days if 
the drain was kept in place. Systemic distribu- 
tion of this local chemotherapy was observed, as 
can be seen from the blood levels of MTX. The 



release and diffusion of MTX from the cement 
was continued well beyond 10 days (when MTX 
could still be assayed in one patient), since 
urinary excretion continued for at least three 
weeks. 

In the case of cisplatin, which has a lower rate 
of diffusion from the cement than methotrexate, 
a dose of 200 mg of cisplatin mixed with one 
packet of cement was used without any post- 
operative adverse hematological or renal 
effects being observed. If further developments 
in the investigations we have initiated [7-9] 
confirm these early findings, this method of 
local neoplastic chemotherapy could offer an 
adjuvant therapy which is likely to be easier to 
handle. There is, of course, no question that this 
therapy could offer a substitute for systemic 
chemotherapy or radiotherapy when these 
therapies are indicated. Several other studies 
[29-32] have confirmed the experimental data 
of the diffusion of antimitotics from cement. 
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Mechanical and 
Biological Factors 

Introduction 

Surgery of the musculoskeletal system is the 
most vibrant, quickly developing and enlarging 
reconstructive surgical specialty of this century. 
The current ten years are dedicated to this 
subject, and entitled “The bone and joint 
decade” which is a tribute to this subject’s 
significance. 

The past 35 years have been the stage for 
more significant developments and advances in 
reconstructive surgery of the musculoskeletal 
system then all the previous decades from the 
time the name of “Ortho-Paeis” was cornered 
during the industrial revolution. 

Studies into the mechanical properties of the 
thin-wire hybrid three-plane, circular external 
fixator have opened and enlarged the under- 
standing of biological processes stimulated and 
supported by the above-mentioned mechanical 
environment. Thus, with time, the crucial role 
played by striated muscles in the physiology of 
bone growth and repair is attaining broader 
recognition and understanding. 

Mechanical Properties 

Orthopedic surgeons need to be updated on 
mechanical terminology. 

Compliance is the inverse of stiffness. 

Higher compliance allows higher deformation. 

Stiffness is the ratio between load and deforma- 
tion. If measured in bending, it is expressed as 



the ration between the bending moment and 
the angular displacement it has caused. It is 
expressed in newtonmeters by degree (Nm/ 
degree). This modality is well accepted and used 
by engineers but less so by medical graduates. 
The latter prefer the use of compliance. 

Stiffness relates inversely to the angle of defor- 
mation. In vivo, bones are surrounded by soft 
tissues. The latter create ligamentotaxis, which 
opposes bone displacement, provided bone 
integrity is preserved. 

The ring fixation frame, introduced by Ilizarov 
into clinical practice, is minimally invasive. It is 
connected to bone by thin K-wires which create 
minimal damage to both muscle and bone. 
These wires are the only means of osseous fixa- 
tion for the frame, and the varying degrees of 
tension applied to them determine their frame’s 
stiffness. 

The ring configuration of the frame resists 
torsion, shear, and bending. 

The factors which determine a ring fixator’s 
stiffness are: 

the K-wire tension, 
the ring diameter, 

the centric or eccentric location of the bone 
within the ring. 

In clinical practice, the ring diameter is often 
dependent on the circumference of the soft 
tissues present at the site. The larger the ring 
diameter, the lower the stiffness. The anatomi- 
cal tissue topography further dictates the loca- 
tion of the bone proper in the ring. The more 
eccentric the bone, the higher the stiffness. 
Hence, the only control over frame stiffness left 
to the surgeon is the control of the tension 
applied to the transfixing K-wires. 
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The Biological Result 

The mechanical properties of external fixation 
frames have a direct influence on the rate of 
fracture healing [1-27]. 

In other words, the mechanical properties of 
external fixation frames have an unequivocal 
and direct influence on the biological conditions 
needed for successful (bone gap) fracture 
healing. This issue has been discussed also 
by Chao in his presentation to SICOT in 
Amsterdam [28]. 

Ring fixation frames harbor a “trampoline” 
effect which allows both axial compression and 
distraction during gait. Intermittent distraction 
appears to be of crucial importance for physio- 
logical bone growth. The proof of this statement 
are tubercles, tuberosities, and bone outgrowths 
wherever muscles are inserted into bone in the 
skeleton. Muscle tonus consists of intermittent 
contractions of muscle fibers. At the site of 
muscle tendon insertion, these physiological 
muscle contractions create intermittent distrac- 
tion. The latter induce local bone growth, the 
end result being a tubercle, a tuberosity, or an 
outgrowth. 

Frame stiffness of any ring fixation frame is 
one of its more important mechanical proper- 
ties. This stiffness depends upon the frame’s K- 
wire tension. For how long does this tension 
persist in vivo? Under continuous axial loading, 
it has been shown that the loading causes a 
decline in the tension of transverse positioned 
K-wires [29]. Continuous - in vivo - measure- 
ments of the residual tension present in such K- 
wires in experimental animals has shown a 
rapid decline within two weeks of mounting the 
frame, the measured tension values disappear- 
ing altogether within five weeks of tensioning 
them in the rings. Nevertheless, the first signs of 
intramembranous ossification in the fracture 
gap were radiographically detectable 14 days 
after fracture stabilization by the ring frame, 
the whole fracture gap was radiographically 
detectable 14 days after fracture stabilization by 
the ring frame, and the whole fracture gap was 
filled by woven bone on day 35. 

The bridging callus starts and proliferates 
from the muscle bed of the fracture. In the tibia. 



where the significant muscle bed is always 
postero-medial, this is easy to observe and 
follow (Figure 11.1). In both clinical cases and 
in experimental fractures in the laboratory, 
the callus has been shown to start always in the 
posterior plane, next to the muscle bed, and 
progress from there anteriorly [30-32]. In these 
publications, the intimate relationship between 
the developing callus and the muscle bed has 
been described. 

Most of the load on weight bearing is trans- 
mitted through the fixator [33]. In clinical 
practice, the choice of the fixator frame means 
choosing the mechanical configuration which 
will induce the optimal enhancement in callus 
formation and fracture healing [33]. A decline 
in frame stiffness, as initiated by a spontaneous 
decline in K-wire tension, appears to be an 
important stimulus for bone formation and 
healing [7] . Thus, it is very likely that bone mass 
is regulated by mechanical strain [5]. In 




Figure 11.1. Experimental fracture in a sheep tibia (lateral view). 
Note the healing callus, which starts on the posterior plane next to the 
muscle bed. 
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fractures, or in the presence of bone gaps, this 
mechanical strain needs to he induced and main- 
tained in the muscle tissue present in the frac- 
ture bed. Micromovements in the axial plane of 
the fracture stabilized by a ring fixator induce 
efficient medullary and periosted callus forma- 
tion. This callus undergoes early metaplasia into 
membranous bone, and thus stabilizes the frac- 
ture gap [34]. Similar observations have been 
reported by Wu [27] and by Younger [35]. The 
mechanical efficiency of the stabilizing fixation 
frame can be evaluated by the amount of frac- 
ture callus formation, the stiffness of the latter 
being capable of early replacing the sponta- 
neously declining stiffness of the ring fixation 
frame. 

In conclusion, therefore, the preservation of 
the physiological function of striated muscles in 
the fracture bed appears to be the key biologi- 
cal factor for the efficient repair of a fracture 
with or without bone loss. 

Muscle Assessments 

The tools to assess the physiological function of 
striated muscles are either muscle charting or 
EMG. 

Muscle Charting 

This is a time-honored manual semi- 
quantitative measurement, practiced by phy- 
siotherapists. It is a time consuming, not 
strictly scientific method, the human factor 
being responsible for all variations in it. 

During the poliomyelitis epidemics, there 
was a whole generation of highly experienced 
physical therapists who, by repeated muscle 
charting of the same patient, could provide 
reliable proof of the progress of the disease, or 
improvement of the patients due to active 
aggressive physiotherapy. 

At present, reliable, quantitative computer- 
ized muscle charting has become available with 
the aid of ARGON (http ://www.arcon- rehab, 
com/dynamic.asp). This computerized assess- 
ment is particularly reliable in measuring the 
motor power of various muscle groups. 



Electromyography as an 
Electrophysiological Tool 

Its usefulness and pitfalls are described in 
detail in the following section by Professor M. 
Solomonow. 

Electrophysiology and 
Biomechanics 

The EMG is an important tool in the assessment 
of muscle activities in various occupational 
tasks, only if used properly. The recording, pro- 
cessing, and interpretation of the EMG should 
be done while considering the proper electrodes 
size, interelectrodes distance, muscle architec- 
ture, contraction rate, motor unit recruitment 
pattern, muscle length, cross-talk from nearby 
muscles, sampling rate, filter bandwidths, and 
smoothing time constants. Each of the above 
factors, if not considered, can introduce sub- 
stantial error and result in false or misleading 
interpretation. 

The EMG is a “by-product” of muscle activity 
and is therefore a dependent signal, influenced 
by various physiological and anatomical factors 
as well as the technical aspects of the record- 
ing/processing protocol. 

The anatomical factors that have profound 
impact on the EMG are muscle fiber penation 
and predominant fiber composition (fast or 
slow twitch types). Physiological factors that 
strongly impact the EMG are motor unit firing 
rate and recruitment pattern, force generation 
rate (isometric), and muscle length changes 
(shortening or lengthening). Secondary 
anatomical/physiological issues are the size of 
the muscle, its depth (below the skin and other 
muscles), the presence of adipose tissue, nearby 
muscles, and proximity to large blood vessels 
and bones. 

The recording/processing hardware and soft- 
ware that influence the surface EMG are elec- 
trode size, material, inter elect rode distance, 
electrode/skin interface, electrode location 
relative to muscle shape and axis, differential 
recordings, recording frequency bandwidth, 
sampling rates, and smoothing time constant as 
the most important. 
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It becomes clear that the EMG is a complex 
dependent signal, and its recording and inter- 
pretation should not be taken lightly. In this 
paper, several of the most important factors 
affecting the EMG will be reviewed in the 
context of the EMG vs. force relationship and 
finally, insights into the controversial issue of 
EMG cross-talk will be highlighted. 

EMG vs. Force Relations and 
Predominant Fiber Type 

Different muscles are composed of different 
proportions of fast and slow twitch fibers. 
The soleus, for example is composed of 80% 
slow twitch, fatigue-resistant fibers of oxidative 
metabolism whereas its companion gastrocne- 
mius muscle is composed of nearly 80% fast 
twitch, fast-to-fatigue fibers activated by limited 
stored energy. In highly controlled studies in 
which both soleus and gastrocnemius were 
activated with the same contraction control, the 
EMG vs. force relations of the two muscles were 
significantly different. The relations were linear 
for gastrocnemius but distinctly non-linear for 
the soleus [36]. 

While such findings explain, in part, the con- 
troversy of the linearity (or non-linearity) of the 
EMG-force relations, it issues a warning against 
the use of the relations without considering the 
predominant fiber composition of the tested 
muscle. Such data is available in the literature 
[37]. Investigators should, however, also con- 
sider that predominant the fiber type of a 
muscle can change in individuals who acquired 
skill in a certain task. 

EMG vs. Force and Contraction Rate 

It is known that the rate at which the muscle 
contracts and generates force may significantly 
influence the maximal force obtainable. How 
would such phenomena influence the EMG vs. 
force relations? In highly controlled studies, 
Solomonow et al. [38] recorded the EMG for a 
muscle increasing its force from 0 to 100% 
(maximal force) at rates which varied from 36% 
to 360% maximal force/sec. Calculations of 
the normalized EMG vs. force curves did not 



yield any statistical difference. The maximal 
force obtained in the fast contraction, however, 
was 25% larger than that of the slowest 
contraction. 

Investigators are cautioned to compensate for 
the contraction rate when EMG is recorded as a 
measure of force, or risk up to 25% error that 
can be associated with highly misleading con- 
clusions. A proper approach is to define the 
EMG vs. force curves at the contraction rate that 
is to be tested in the field. 

EMG vs. Force and Motor 
Unit Recruitment 

It is known that skeletal muscles utilize the size 
principle when recruiting motor units in order 
to increase the force. Small motor units are 
recruited initially, with gradually larger motor 
units as more force is required [39]. It is also 
known that motor unit recruitment is com- 
pleted by the time the initial 50-80% MVC is 
generated. The remaining force segment up to 
100% MVC is accomplished by increasing the 
firing rate of the motor units. It is also known 
that a given muscle recruits all its motor unit 
pool in the initial 50% MVC during fast con- 
tractions, and in the initial 80% MVC in a 
slower, more accurate contraction. 

Solomonow et al. [40] demonstrated that 
changing motor unit recruitment strategy has 
pronounced effect on the EMG vs. force rela- 
tions. When all the motor units of gastrocne- 
mius muscle were recruited in the initial 50% 
maximal force segment, the EMG vs. force was 
linear, however, when all the motor units were 
recruited over the initial 60%, 70%, and 80% of 
the maximal force, the relations were non-linear. 
Furthermore, the non-linearity was different at 
each of the three contractions, with the full 
recruitment completed at 80% maximal force 
being the “most” non-linear. 

The advice for proper use of the EMG vs. force 
relations in ergonomics research is to assess the 
recruitment pattern of the muscle in question 
[40,41] before attempting to relate EMG record- 
ing to force. 
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EMG Cross-tatk and Adipose Tissue 

Many studies of static and dynamic movements 
of the extremities and spine demonstrate that 
co-activation of agonist and antagonist muscles 
takes place. However, the co-activation principle 
became controversial, as the low-level EMG 
recorded from the antagonist muscles was 
considered by many to be cross-talk from the 
agonist muscles transmitted by volume conduc- 
tion in the tissues. The sources of cross-talk 
could be numerous, including; electrodes too 
large for the muscle under investigation, inter- 
electrode distance larger than necessary for the 
given muscles, proximity to large blood vessels, 
proximity to major bones, etc. If one utilizes the 
correct electrodes size, interelectrode distance, 
and placement as delineated by Fugelvand et al. 
[42], such cross-talk can be fully eliminated. 

Cross-talk EMG was reported despite proper 
utilization of electrodes, re-initiating the con- 
troversy. A more detailed study by Solomonow 
et al. [43], in a highly controlled experimental 
animal using surface and intramuscular wire 
electrodes, gave a clear insight into the problem. 
Surface EMG recorded from muscles covered by 
adipose tissue gave as much as 36% (of 100% 
EMG from nearby muscles) cross-talk whereas 
wire electrodes from the same muscle yielded 
only 1-2% cross-talk. Cutting the motor nerve 
of all the muscles in the leg confirmed that 
adipose tissue was indeed the source/cause of 
the cross-talk. A warning is issued against the 
recording of surface EMG from muscles covered 
by adipose tissues, such as abdominal and 
buttock muscles. Wire recordings should be 
employed in such cases. Otherwise, with the 
absence of adipose tissue, the cross-talk is at 
the noise level and should be of no concern for 
the investigator. 

EMG Processing Issues 

Several factors associated with the recording 
and processing of the EMG have pronounced 
impact on the validity of the data and its inter- 
pretation. The raw EMG signal is commonly 
sampled into personal computers for later pro- 
cessing. One of the important aspects of such a 



procedure is the sampling rate used. The power 
spectrum of the surface EMG contains frequen- 
cies in the range 0-350 Hz. Less than 5% of the 
power is in frequencies above 350 Hz. Further- 
more, movement artifacts associated with iso- 
metric or most free movements are associated 
with frequencies below 10 Hz. Therefore, in 
order to eliminate movement artifacts, a high- 
pass filter with a frequency cut-off of 10 Hz is 
necessary. Also, in order to prevent any high 
frequencies (above 350 Hz) from contaminating 
the signal and to avoid aliasing, a low-pass filter 
with a cut-off frequency of 350 Hz is required. 
Overall, a bandpass filter of 10-350 Hz will 
preserve all the important features of the 
surface EMG. 

Sampling into the computer requires a rate of 
at least twice the highest frequency in the signal. 
In this case 350 Hz x 2 = 700 Hz. For better accu- 
racy, sampling rates higher than 700 Hz should 
be used. Sampling rates lower than 700 Hz will 
deform the EMG, cause loss of important fea- 
tures, and will lead to wrong or misleading con- 
clusions. Furthermore, utilization of a bandpass 
filter with a frequency cut-off above 350 Hz has 
very marginal improvement in signal content, 
but also requires higher sampling rates, which 
in turn limit the number of channels that could 
be used, limit A/D capabilities, and heavily tax 
storage space on a PC and time required to 
process the data. 

Another important issue is the processing of 
the EMG into a smoothed curve that represents 
the changes in the level of activity of the muscle. 
Commonly, a low-pass filter of a time constant 
ranging between 50 and 300 ms is used. If such 
a filter is constructed from hardware, one 
should assess the time delay imposed by the 
filter and compensate for such a delay when 
comparing EMG and force on the same time 
axis. Without applying the time compensation, 
and especially for fast movements, a discrep- 
ancy between force and EMG may lead to false 
conclusions. 

EMG and Muscle Fatigue 

When muscle fatigue is being studied via its 
EMG, the power spectra frequencies are com- 
monly used. The Median Frequency (MF) of the 
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power spectra represents the average conduc- 
tion velocity of action potentials in the muscle. 
It is well known that the average conduction 
velocity decreases with muscle fatigue, giving 
rise to a decrease in the MR The assessment of 
muscle fatigue could be useful in ergonomics, 
especially in optimizing task durations, work - 
rest time ratios, etc. Common pitfalls in using 
the MF of the surface EMG to study fatigue are 
especially in low-level, prolonged contractions 
in the presence of noise. Inherently, contractions 
producing low levels of force are producing 
low-amplitude EMG. The assessment of fatigue 
under such circumstances can become a grossly 
misleading procedure if the noise is not 
eliminated. 

A method to eliminate such a problem was 
developed by Baratta et al. [44]. It consists of a 
noise-subtraction step before the power spectra 
estimate is calculated. The results are much 
improved accuracy in the MF calculations and 
its proper and reliable interpretation. 

MVC Determination 

Determination of the Maximal Voluntary 
Contraction can introduce errors in the inter- 
pretation of EMG studies if not obtained cor- 
rectly. In general, if an individual is asked to 
provide a maximal elbow flexion, for example, 
he will provide a strong contraction which is 
perceived by him as maximal. If the force output 
is displayed on a screen as a moving line, and 
the individual is asked to exceed the line loca- 
tion obtained from his perceived maximal con- 
traction by 10%, it is easily obtainable. Such 
feedback attempted normally results in final 
maximal force which is 25-35% higher than the 
maximal force obtained in the first trial. 

Such errors may have an impact on the inter- 
pretation of the EMG, and EMG vs. force rela- 
tions, as well as MF calculations across the full 
force range. The error, however, is significantly 
amplified in the low force ranges, and especially 
in low-level, static contractions where the casu- 
ally obtained MVC and the true MVC obtained 
by training could be miscalculated by 300% at a 
10% MVC level. 

It is difficult to give any advice to avoid or 
compensate for this type of error. The true (e.g.. 



trained) MVC is the most reliable baseline for all 
types of EMG work where relationships to force 
are made. 
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Introduction 

Injury invokes a vigorous healing response in 
soft tissue as it does in bone. The needs of 
individual survival undoubtedly required such 
an evolutionary response as a survival mecha- 
nism. Inevitably the control mechanisms of the 
healing response will not infrequently extend 
beyond the range of the ideal. When the 
response to soft tissue injury is excessively exu- 
berant, complications are encountered such as 
keloid formation, peritoneal adhesion, intestinal 
stricture, tendon adhesion, epidural fibrosis, 
and arthrofibrosis with attendant joint contrac- 
tures, to name just a few. An important case in 
point is the loss of range of motion which occurs 
occasionally after knee injuries or knee sur- 
gery in spite of seemingly appropriate initial 
management and subsequent rehabilitation. It 
follows that an understanding of the healing 
process is necessary to explore potential thera- 
peutic remedies to minimize these com- 
plications. The purpose of this chapter is to 
review the biological processes leading to 
wound healing and to outline potential phar- 
macological interventions to impede or acceler- 
ate those processes. 

Overview of Normal 
Wound Healing 

The healing of soft tissues is a continuum of five 
general phases [1]. 

hemorrhage and formation of a blood clot 
followed by platelet degranulation 

leukocyte trafficking into the wound 



inflammation, during which neutrophils phago- 
cytose bacteria and debris, degranulate releas- 
ing proteolytic enzymes, and the monocytic 
cells become transformed into macrophages 

repair, during which macrophages stimulate 
fibroblast proliferation and the resulting extra- 
cellular matrix synthesis 

remodeling of the initial scar 

Initial bleeding is followed promptly by platelet 
aggregation and degranulation, and vasocon- 
striction of neighboring vessels. Extravasation 
of blood proteins occurs with the initial hemor- 
rhage which includes fibronectin, vitronectin, 
and fibrinogen. Fibrin formation and clotting 
ensue. An inflammatory process occurs next 
triggered by growth factors and cytokines 
initiating a cascade of events starting with acti- 
vation of selectins and cell adhesion molecules 
(CAMs) which modulate the initial leukocyte 
trafficking across the endothelium of post- 
capillary venules. Platelets will have released 
TGF-beta and TNF-alpha among other factors 
immediately after wounding, causing leukocyte 
margination, or “rolling”. This results in slowing 
of the passage of leukocytes through the venule 
which allows the leukocytes to monitor the 
environment for chemoattractants. The CAMs 
and chemoattractants are programmed in a 
sequential manner to form a leukocyte- 
endothelial cell adhesion cascade [2-5]. 
Chemoattractants bind to serpentine receptors 
on the leukocytes, which then activate G 
proteins which signal up-regulation of integrins 
on the leukocyte cell surface. The arrested 
cells subsequently undergo transmigration be- 
tween the endothelial cells under the influ- 
ence of the adhesion proteins plus PECAM-1 
(platelet endothelial cell adhesion molecule- 1), 
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chemoattractant gradients aided by chemoat- 
tractant-proteoglycan binding [6-8], and che- 
motaxins in the wound environment. After 
entry into the wound, these cells are free to react 
with matrix proteins, and to stimulate mito- 
genesis and additional chemotaxis through 
autocrine and paracrine functions. 

The sequence of leukocyte classes recruited 
into the wound environment is observed to 
include neutrophils in the first few hours fol- 
lowed by monocytes at 18 hours and T cells 
and macrophages at 36 to 48 hours. Sequential 
changes in the adhesion molecule system is 
presumably the mechanism of selection and 
control of specific leukocyte transendothelial 
migration. Of note is the observation that there 
are clear differences in adhesion requirements 
for particular types of inflammation [2,9]. The 
polymorphonuclear leukocytes which initially 
populate the wound sterilize the wound by 
phyagocytosis and the release of oxygen radi- 
cals. They bind to complement fragments on 
bacterial surfaces. Neutrophils are quickly fol- 
lowed by lymphocytes and monocytes. Between 
days 3 and 4 monocytes proliferate rapidly. The 
infiltrating cells release a plethora of cytokines, 
growth factors, and chemokines which collec- 
tively orchestrate the local cellular response 
including the transformation of monocytes 
into macrophages. The macrophages phago- 
cytose cellular, bacterial, and matrix debris. 
Macrophages assume a crucial role in further 
modulating the healing process by stimulating 
the proliferation of reparative cells, including 
fibroblasts, epithelial, and capillary endothelial 
cells [10]. This step is followed by the synthesis 
of complex components which form the extra- 
cellular matrix. The breadth of activities of TGF 
beta have given it the appellation “the conduc- 
tor of the symphony” with regard to the healing 
process [11]. Initially, the extracellular matrix is 
high in proteoglycan content, which soon gives 
way to increased collagen synthesis and scar for- 
mation. The initial scar presents as a random 
display of collagen fibers in what is commonly 
referred to as a haystack pattern [12]. The final 
chronic remodeling phase occurs over many 
months. Mechanical factors, particularly tensile 
stresses, are perceived by adhesion receptors 
and mechano-receptor of the fibroblasts, and 



the matrix is gradually remodeled by an itera- 
tive process of matrix resorption and new 
matrix synthesis. In this complex process the 
collagen molecules become aggregated by intra 
and inter-molecular crosslinks modulated in 
part by other matrix components such as the 
minor collagens and the small proteoglycans 
described in earlier chapters [12]. 

Definitive candidates for post-surgical scar 
control have recently emerged following an 
explosion of progress in understanding and pre- 
vention of a variety of chronic fibrotic condi- 
tions of skin, lung, heart, liver, kidney, and 
vasculature. Extensive studies on the pro- 
cesses of leukocyte trafficking in wounds has 
broadened the understanding of the underlying 
processes at work in the early wound. These 
concepts have been clarified and phenomeno- 
logically synthesized by Butcher [13] and others 
[3,14,15]. Progress in this field now provides an 
exciting opportunity to approach the problem 
of control of fibrosis with a plethora of po- 
tentially important scar-neutralizing agents. 
This discussion will focus on some of the 
new concepts which are of interest as potential 
therapeutic approaches to the problem of 
arthrofibrosis and related problems of interest 
to the orthopedic surgeon. 

Fetal Healing 

Fetal healing - the healing which occurs in the 
early fetus without scar - was observed in 1971 
by Burrington in the fetal lamb [16]. Subse- 
quently it was noted that the effect is not seen 
uniformly during development. Fetal healing is 
dependent on stage of gestation and on wound 
characteristics [17]. Incisional, scarless healing 
is most evident in the early fetal gestation 
periods, generally through mid-gestation. Later 
in gestation the healing of incisional wounds 
tends with time gradually to resemble the 
healing of adult wounds. In mice, for example, 
fetal wounds heal without scar at gd (gestational 
day) 14, but at gd 18 heal with scar (mouse term 
= 20 days) [18]. Excisional wounds heal without 
scar in the very early fetus, but lose that capac- 
ity sooner than in the case of the incisional 
wound healing with respect to time of gestation 
[17]. 
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Fetal healing occurs in a unique extracellular 
matrix environment. Key conditions include 
a high concentration of high mw hyaluronan 
[18-24] and very low levels of TGF beta 1 and 2 
[25,26]. Other differences are gradually being 
reported such as the presence of low levels of 
hyaluronidase [23,26], increased amounts of 
tenacin [27], and differences in content of the 
CD44 HA receptor noted to be 4x the level in the 
fetal compared to the adult wound [24] . 

If the early fetal environment could be repro- 
duced therapeutically, excessive scar formation 
could potentially be prevented in strategic sites 
post-surgically. Indeed, several investigators 
have provided evidence that conditions which 
partially mimic the environment of fetal con- 
nective tissue matrix can, in fact, result in mod- 
ified healing in certain animal models which 
demonstrate reduced scar formation, with 
more orderly collagen patterning, and with 
tensile strength of postoperative incisional 
wounds equivalent to that of normal adult 
wounds [18,20,26-28]. Potential applications of 
fetal healing concepts in orthopedic surgery 
include the modulation of scar formation after 
tenolysis performed to correct tendon adhe- 
sions, prevention of arthrofibrosis, and preven- 
tion of epidural adhesions, to name just a few 
examples. And strikingly, a new branch of 
surgery is on the doorstep by which the possi- 
bility of correcting certain fetal deformities in 
utero is becoming a reality [28]. 

Ferguson was the first to show that TGF beta 
1 was missing in the connective tissue matrix of 
the early fetus [25,26]. He demonstrated that 
blockade of TGF beta 1 and 2 activity encour- 
aged scarless healing in the skin of adult animal 
models [27]. Effective agents Ferguson used to 
inhibit TGF beta 1 and 2 included mannose-6- 
phosphate and decorin as well as antibodies 
against TGF beta 1 and 2. 

A profusion of reports in recent years have 
described additional differences between the 
fetal and adult wound. An abbreviated listing of 
relevant observations includes the following: 
Adult wound fluids have a higher concentra- 
tion of hyaluronidase than fetal wound fluids 
[23]; Fetal healing response to injury can be 
converted toward the adult form of healing 
by the injection of TGF beta in the ICR mouse 



fetus [29]; Hyaluronan injected repeatedly into 
sponge implants in mice (q 3 days) over one 
and two weeks altered the adult healing to 
resemble fetal healing in respect to the his- 
tological amount and character of collagen 
fibers. Injection of hyaluronidase into the 
sponges reversed that effect [30]; fetal articular 
cartilage heals/adult cartilage does not [31], 
(a possible focus of importance in the field of 
cartilage healing research); the fetal immune 
response differs - the cellular infiltrate is mainly 
a small number of macrophages, with few 
polymorphonuclear leucocytes [32,33]; fetal 
cytokine profile differences exist [33]; fetal 
fibroblasts have different collagen gel contrac- 
tion ability [34,35]; metalloproteinases differ 
between fetal and adult wounds [36]; COLlAl 
gene expression is absent in fetal fibroblasts but 
is up-regulated by the addition of TGF-beta 
[37]; Type V collagen alphal(V)/alpha2(V) 
chains differ in fetal vs. adult sheep sponges. 
Type I collagen cross links increase during ges- 
tational development as scar formation begins 
to appear [38]; IL-8 is absent in fetal fibroblasts 
[39]; HA inhibits fetal platelet aggregation and 
impairs the release of PDGF-AB [40]; there is 
more rapid up-regulation of integrins (alpha 2, 
3, 5, 6 and b; beta 4, and 6) in the fetal wound 
and more rapid re-epithelialization by ker- 
atinocytes [41]. 

This necessarily sketchy account of the recent 
literature suggests the breadth of interest in 
the fetal healing phenomenon. It is not yet pos- 
sible to synthesize all these findings meaning- 
fully, but many if not all may be derivative of 
the two central observations in the fetal wound: 
the high concentration of HA and the low con- 
centration of TGF beta 1 and 2 which inhibit 
infiammation. 

Hyaluronan 

Hyaluronan is a ubiquitous component of the 
ECM and occurs transiently in both the cell 
nucleus and cytoplasm. It promotes cell motil- 
ity, adhesion, and proliferation and has an im- 
portant role in morphogenesis, wound repair, 
and tumor metastasis [42,43]. Cell motility is 
central to the effect of each of these processes. 
HA is actively synthesized during wound 
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healing and is an important substrate for 
leukocyte migration during inflammation 
[24,42,44-47]. Disturbance of regulation of 
these processes has been alleged to be respon- 
sible for errors in morphogenesis, aberrant 
repair, exaggerated inflammatory responses, 
and tumorigenesis. HA binding, ligand speci- 
ficity, and stimulation of signal pathways can 
be modulated by soluble forms of the receptors, 
by alternatively spliced cell surface isoforms, 
and by glycosylation variants of the receptors 
[42]. 

Scarless healing has been noted in the 
sheep embryo up through the 130th day of 
gestation during which time high levels of HA 
are found. After 130 days HA was observed to 
decline to a trough [21]. In an adult rat model 
it was possible to inhibit scar formation in 
skin wounds by treating the wound with a 
HA-protein-collagen form of HA [48]. In this 
experiment the treated wounds had more orga- 
nized collagen fibers, less TGF beta 1 and 2, and 
increased TGF beta 3 (an inhibitor of TGF beta 
1 and 2). An in vitro model has also been studied 
in which HA concentration was varied in fibro- 
blast cell culture [49]. In this experiment streak 
“wounds” were created in confluent fibroblast 
cultures under the influence of exogenous HA 
(5 mg/ml). These wounds closed more rapidly 
than untreated wounds. Studies on incisional 
wound healing in fetal limb organ cultures to 
which exogenous HA was added with each 
change of media showed results similar to the 
scarless healing seen in other models mimick- 
ing fetal healing. Repair site collagen fibers in 
the treatment group had the typical “basket 
weave” pattern of normal dermal collagen in 
contrast to the less well organized collagen in 
the control groups [30]. 

Crucial to the work in the proposed project 
is the discovery of the bimodal action of HA in 
the extracellular matrix (ECM) with respect 
to reaction of HA with various receptors. A 
collection of inflammatory genes is induced 
in macrophages by HA oligosaccharides, but 
not by native high MW HA [50]. High MW 
HA is anti-angiogenic, whereas oligosaccharide 
degradation products of HA actively stimulate 
endothelial cell proliferation and migration and 
induce angiogenesis in vivo [51]. 



Clearly, it is the high MW form of HA which 
is the requisite molecular form of HA in the 
fetal scarless healing environment. A fascinating 
complement to this requirement is the observa- 
tion that low hyaluronidase levels exist in the 
fetal connective tissue matrix [23]. A potential 
mechanism for control of this process has 
been found by the discovery that anti-CD44 
mAb, which blocks the fibroblast cell receptor 
for low mw HA binding, also inhibits the low 
mw HA induced release of IL-12 by elicited 
macrophages [52]. Furthermore, native high mw 
HA has a dose-dependent inhibitory effect on 
induced gene expression by HA oligosaccha- 
rides [53]. Three cell surface receptors have been 
identified which are important for the cell inter- 
action with HA of the matrix: CD44, RHAMM 
(Receptor for HA-Mediated Motility - the HA 
motogenic receptor), and ICAM-1 [42]. As with 
other adhesion receptors, binding of the cell 
via the HA-mediated receptors triggers signal 
transduction events. These events are central to 
the control of cytoskeletal structure and cell 
trafficking. 

Also central to arthrofibrosis research is the 
recent discovery that TGF-beta is involved in 
RHAMM message regulation [54]. This finding 
presents an interesting juxtaposition of a 
counter-mechanism between TGFj3 and HA. 
The half life of RHAMM mRNA has been shown 
to be increased threefold in cells treated with 
TGF-beta [55]. Possibly, by blocking TGF-beta, 
RHAMM synthesis may be inhibited a step 
which could thereby inhibit leukocyte traffick- 
ing into the area of concern [50]. 

The author’s laboratory reported in the 
1970s that a single injection of HA inhibited 
contracture formation by about 50% in an 
experimental animal model [56]. More recently, 
we have shown the efficacy in reducing epidural 
scar postoperatively with topical HA in a stan- 
dard rat model [57]. The observation that 
HA injection into arthritic joints may be 
beneficial symptomatically is likely secondary 
to its anti-inflammatory action. That action 
would also hold promise as a neutralizing agent 
against the inflammatory response post knee- 
joint manipulation in the management com- 
plications of knee-joint contracture occurring 
postoperatively. 




130 



Biomechanics and Biomaterials in Orthopedics 



TGF-beta 

The production of scar through the stimulation 
of collagen synthesis by CTGF (connective 
tissue growth factor) in the injured tissue is 
believed to be coordinated by TGF-beta. TGF- 
beta has been called the “conductor of the sym- 
phony” of the healing response by Grotendorst 
[11]. TGF-beta stimulates connective tissue cell 
growth, stimulates extracellular matrix synthe- 
sis, and modulates the immune response. It 
acts on both fibroblasts and on smooth muscle 
cells. It increases mRNA for CTGF. CTGF is 
chemotactic and mitogenic for connective 
tissue cells and stimulates extracellular matrix 
production. TGF-beta exists in tissue in a 
latent form, bound by LAP (latency-associated 
peptide), LTBP (latent TGF-beta-binding pro- 
tein), decorin, and biglycan [58]. Recombi- 
nant LAP is a potent inhibitor of TGF-beta in 
vivo and in vitro [59]. TGF-beta exists in several 
isoforms including beta 1, 2, and 3. Neutraliza- 
tion of TGF-beta 1 and 2 or the addition of TGF- 
beta 3 reduces scarring in several models [27]. 
Different fibroblasts react differently to TGF 
betas, emphasizing the fact that all fibroblasts 
are not the same [58]. Work in our laboratory 
characterizing differences between ligaments of 
the knee has clearly shown that ligaments which 
heal well (medial collateral ligaments) have 
quite different fibroblastic characteristics than 
ligaments which fail to heal (anterior cruciate 
ligaments) [61-64]. 

TGF-beta is overproduced in fibrotic lesions 
and is a key factor in the pathogenesis of organ 
fibrogenesis [9,27,65,66]. Fibrosis resembles 
normal wound healing, but fails to terminate, 
leading to replacement of normal tissue with 
scar. Most fibrotic reactions (lung, heart, 
vascular system, kidney, liver, skin, brain, GI 
tract, synovial joints) appear secondary to 
trauma, infection, or inflammation. Studies 
using immunohistochemical techniques have 
demonstrated that TGF-beta is over-produced 
in areas of chronic fibrosis. The reason for the 
continued scar proliferation is not always clear, 
but it is possible that some fibroblasts become 
permanently altered and do not respond appro- 
priately to the usual regulatory controls [60]. 



Both TGF-beta 3 and decorin, which inhibit 
the actions of TGF-beta 1 and 2, may represent 
local regulatory control elements [27,59,67]. 
The exaggerated behavior of TGF-beta in the 
fibrotic syndromes has been termed “The Dark 
Side of TGF-beta” in a paper by Border and 
Roushlati [3] and termed “The Good, the Bad 
and the Ugly” by Wahl [68] A hemarthrosis post 
trauma, postoperatively, or post manipulation 
will inevitably contain platelets which release 
cytokines into the joint. These cytokines, 
including TGF-beta, provoke an inflammatory 
response which can result in arthrofibrosis and 
joint contracture. The use of neutralizing agents 
against TGF-beta hold promise for minimizing 
this troublesome complication of knee injuries. 
Controlled clinical studies on their use should 
be forthcoming in the near future. 

Decorin 

Decorin is a powerful molecule with wide- 
ranging regulatory effects. Decorin is char- 
acterized as a member of the class of small 
proteoglycan molecules. It contains a protein 
core with leucine-rich motifs and a single side 
chain of dermatan/chondroitin sulfate. It is 
ubiquitously distributed in the extracellular 
matrix of mammals. It binds to fibrillar colla- 
gens, including minor collagens, influencing 
kinetics of fibril formation and final diameter of 
fibrils [69-70]. It has profound effects on matrix 
assembly and cellular growth including cytosta- 
tic effects on transformed cells with diverse 
histogenic backgrounds [71]. It influences 
embryogenesis, inflammation, wound healing, 
and neoplastic growth [71-75]. Decorin antago- 
nistically regulates the action of TGF-beta [76], 
and binds TGF-beta 1, co-localizing in many 
tissues [77,78]. It both inhibits some actions of 
TGF-beta and its synthesis is stimulated by TGF- 
beta, suggesting that it provides a negative feed- 
back control for TGF-beta activity [77-79]. The 
bound form may serve as a tissue reservoir of 
TGF-beta in a manner similar to the binding 
interaction between TGF-beta and either 
latency-associated peptide or betaglycan [80]. 
Release of TGF-beta from its bound form with 
decorin is regulated by proteases including 
MMP-2, 3, and 7 [81]. Decorin also reacts with 
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HA [82] and has been reputed to possess close 
similarities to the CD44 family [83]. 

Decorin also interacts with other growth 
factors. TNF-alpha has the ability to transcrip- 
tionally inhibit decorin gene expression in 
growth-arrested cells and may be a key modu- 
lator of decorin [84]. Decorin is proposed as a 
novel ligand for EGF and may in this role regu- 
late cell growth in tissue remodeling and cancer 
[71]. Decorin activates the EGF receptor, trig- 
gering a signaling cascade which leads to phos- 
phorylation of MAP kinase, induction of p21, 
and growth suppression. IL-1 and IL-4 inhibit 
decorin expression [85,86], Over-expression of 
v-src selectively abolishes the expression of 
decorin [87]. Because of its interaction with 
growth factors, decorin expression can sub- 
stantially alter the cellular response to injury 
[ 88 ]. 

Decorin synthesis has been inhibited by anti- 
sense nucleotides in ligament-healing studies 
using gene-delivery methods and this has been 
proposed as a technique to accelerate scar pro- 
duction [89]. However, most potential pharma- 
cological applications of decorin have addressed 
application as a TGF-beta inhibitor for decreas- 
ing inflammation and scar production and for 
increasing the tissue immune response [72,75]. 
The scar-inhibitory activity of decorin has been 
proposed for treatment of inflammatory kidney 
diseases [90], pulmonary fibrosis [91], tubercu- 
losis [92], diabetic vascular disease [93] among 
just a few of the proposed applications. The 
exciting breadth of antifibrotic agents becoming 
available for research studies on fibrosis inhibi- 
tion can be illustrated by the following examples 
of neutralizing agents to consider: 

Other Antagonists to TGF-beta: Blocking 

peptides to TGF-beta 1 and 2, LAP (latency- 
associated peptide), TGF-beta 3 (which 
neutralizes isoforms 1 and 2), decorin, mannose- 
6-phosphate, TGF-beta antisense nucleotides, 
non-viral gene therapy, soluble receptors to TGF- 
beta 1 and 2, and peptidomimetics which react 
with and block the TGF-beta receptors. 

Other classes of anti-fibrotics: These include the 
interferons, relaxin, certain peptidomimetics 
such as RGD peptides or Fn fragments against 
integrins, certain glycomimetics, mAbs against 



selectins, lysyl oxidase inhibitors of collagen 
cross linking, collagen prolyl hydroxylase 
inhibitors, to name just some of the potential 
candidates. Recently, anti-cd44 antibody has 
been shown to induce cultured fibroblast deta- 
chment from substratum and morphological 
change compatible with apoptosis [94]. 

Enhancement of Wound Healing in the 
Treatment of Chronic Diabetic Ulcers 

The very large literature on proposed treatment 
for chronic diabetic foot ulcers testifies to the 
intractability of the problem. It is estimated 
that 54,000 extremity amputations of diabetic 
patients occur annually in the United States 
secondary to failed treatment of chronic 
ischemic foot ulcers [95]. Foot infection is the 
most common diagnosis of hospital admissions 
of diabetic patients [96]. This outcome is 
observed in spite of some reports of as high as 
a 90% success rate of healing such ulcers in 
compliant patients [97]. However, lack of com- 
pliance resulted in as high as 54 times more 
likely occurrence of ischemic foot ulcerations in 
diabetics in one prospective study [98]. A meta- 
analysis of the literature of diabetic ulcer treat- 
ment indicated that about one third of patients 
heal their ulcers after 20 weeks of standard 
treatment [99]. However, one study reported 
90% healing with “proper” conservative treat- 
ment [97]. It is clear from the foregoing that 
prospective patient educational efforts about 
foot care and footwear in compliant patients are 
essential for ulcer prevention and for successful 
treatment of ulcers which develop. Prediction of 
successful healing of chronic diabetic ulcers in 
ischemic lower extremities has been attempted 
with TcP02 measurement (transcutaneous 
oxygen pressure),TBP (toe blood pressure 
determination), or vibration perception thresh- 
old with a few promising reports, but with gen- 
erally disappointing results [95,100,101]. 

The range of treatment modalities for chronic 
neuropathic and ischemic lower-extremity dia- 
betic ulcers is quite large, but there is inadequate 
evidence for efficacy of new treatment re- 
commendations in most of the examples cited 
[102]. It is important that baseline conservative 
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treatment be meticulously applied and that sur- 
gical and antibiotic management of underlying 
osteomyelitis be provided if other modalities 
are to be useful complementary adjuncts. Treat- 
ment modalities based upon physical methods 
include hyperbaric oxygen [103], electrical 
stimulation [95,104], and low-intensity laser 
treatment [105]. Treatment with cultured skin 
cells such as Dermagraft® [106], with cultured 
algeneic keratinocyte epithelial cell sheets [107], 
fibroblasts in gelatin sponge [107], or with 
biologically derived materials such as collagen 
alginate wound dressings [108] have advocates. 
The utility of cytokines to enhance the wound 
healing of diabetic foot ulcers has been 
explored extensively. Recombinant human 
platelet-derived growth factor-BB (becaplermin 
gel) has received considerable attention in 
several reports indicating efficacy [109-115]. 
Some studies report as much as twice the rate of 
improvement of wound healing with the PDGF- 
BB product [115]. Other cytokines of potential 
utility for this purpose include fibroblast growth 
factor-beta (bFGF) [116], vascular endothelial 
growth factor (VEGF) [117], and granulocyte- 
macrophage colony stimulating factor (GM- 
CSF) [118]. Biopsies of chronic wounds of 
diabetic lower extremities have not demon- 
strated deficiencies of PDGF, EGF, bFGF, or TGF- 
beta cytokine content [119], but the persistent 
increase of the proinflamatory cytokines inter- 
leukin-1 and 6 and tumor necrosis factor alpha 
are thought to be adverse to the wound-healing 
process [120]. Unfortunately, in vitro lattice 
models mimicking wound healing have not 
been found to be useful in studying this process 
[121] and animal models have offered only 
limited promise [122]. 

In the near future, carefully performed 
prospective studies will clarify many of the 
confusing aspects concerning treatment of 
chronic ulcers in diabetic patients with ischemic 
and neuropathic lower extremities. In the end, 
however, it is clear that the most important 
elements of treatment of the diabetic with 
ischemic and neuropathic lower extremities 
remains preventive care, including detailed 
patient education and careful long-term follow- 
up. But, for any program to be successful, a 
compliant patient is an essential ingredient. 
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Introduction 

To overcome the problems in cemented arthro- 
plasty and obtain reliable permanent fixation 
in the absence of cement, several types of 
cementless prosthesis have been developed. The 
uncoated, press-fit, cementless stem for total 
hip arthroplasty (THA) used in young age 
groups frequently result in marked subsidence 
and loosening around ten years postoperatively, 
even with the most precise surgical techniques. 
The porous, full-coated, cementless stem was 
then developed in an attempt to encourage bony 
ingrowth into the pores, thus aiming at firm 
mechanical anchoring between the stem and the 
femur. This prosthesis model, however, pro- 
voked bone absorption along the stem presum- 
ably due to the stress -shielding effect on the 
femur. 

Next, in an attempt to avoid stress shielding, 
prosthesis models with a partial, porous coating 
over only the proximal part of the stem were 
developed in the 1980s. In these porous-coated 
models, however, bone ingrowth into the porous 
surface did not take place sufficiently to prevent 
loosening of the stem for longer than 15 years. 
The majority of the human implant retrieval 
studies have demonstrated that skeletal attach- 
ment by bony ingrowth is not always reliably 
achieved with porous-coated surfaces. Failure 
of bony ingrowth with an intervening layer of 
fibrous tissue between the bone and the implant 
has often been observed. It was thought that 
the wear debris of the ultrahigh-molecular- 
weight polyethylene (UHMWPE) socket 
migrated through the gaps and caused osteoly- 
sis around the implants. A porous coating is bio- 
logically passive, so that bone may not grow into 



the pores, depending on the local environment 
and stability of the implants. 

In an attempt to achieve reproducible bone 
growth onto the implant, trials of bio active and 
osteo conductive implant coatings have been 
carried out with calcium phosphate ceramics or 
bioactive glass-ceramics. 

Hydroxyapatite Coating 

Hydroxyapatite as an implant material was ini- 
tially used for dental reconstructive surgery and 
orthopedic surgery as material filler providing 
direct bonding with living bone. Its excellent 
early results in this area led to its trial in the field 
of total joint arthroplasty as a coating material 
for cementless prostheses. 

Geesink et al. performed the study using 
hydroxyapatite-coated titanium plugs implanted 
in dog femora, and demonstrated excellent 
bonding and osteoconductive capacities under 
non-weight-bearing conditions [ 1,2] . The coated 
plugs showed a bone-bonding shear strength of 
64 MPa, which was comparable to the strength of 
cortical bone. Histologic examination showed 
good filling of the defect around the implant 
without any sign of fragmentation, whereas the 
uncoated controls were surrounded by a fibrous 
layer and were easily extracted from the femur 
at any postoperative time. The coating thick- 
ness, however, had decreased in most places. 
Another canine study by Stephenson et al. 
with hydroxyapatite-coated titanium plate also 
demonstrated osteoconductive effects [3]. 
Grooved titanium plates, hydroxyapatite-coated 
on one surface and simply shot-blasted on the 
other surface, were implanted. The presence of 
hydroxyapatite was demonstrated to encourage 
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bone to fill more rapidly. With these experimen- 
tal results it was thought that hydroxyapatite 
coating had a capacity to bond to bone and to 
induce bone formation on its surface. 

The study under loaded conditions also 
showed good results on hydroxyapatite- 
coated implants. Hydroxyapatite-coated and 
non-coated canine total hip replacements were 
performed and were examined up to two 
years postoperatively [1]. Radiographically, the 
hydroxyapatite-coated implants showed a 
complete lack of a radiolucent line around 
the implant. Under histological examination, a 
fibrous tissue membrane surrounded the non- 
coated prostheses, whereas the coated prosthe- 
ses consistently showed bone formation on its 



surface. There was no microscopic evidence of 
fragmentation or coating delamination. Oonishi 
et al. performed a study with hydroxyapatite- 
coated and non-coated implants in rabbits and 
goats [4]. With regard to the bonding strength, 
the coated implants showed a bonding strength 
four times greater than that of noncoated 
implants at two weeks and two times greater at 
six weeks. 

Hydroxyapatite coatings applied by plasma 
spray to orthopedic implants were first used 
clinically in 1985. The medium-term clinical 
results of coated femoral components are en- 
couraging, demonstrating satisfactory survival 
rates and overcoming the problems of non- 
coated cementless prostheses [5,6,7]. However, 




Figure 13.1. AW-GC bottom coating, a Surface structure of the plasma-sprayed titanium alloy with the AW-GC bottom coating (SEM image, x50). 
b Cross-section of the bottom coating. Arrows indicate coated glass-ceramic (x50).T: titanium. 
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several authors reported possible dangers of the 
hydroxyapatite coating. In the retrieval study, 
Bloebaum et al. reported hydroxyapatite parti- 
cles, possibly migrating from the coated surface, 
in the osteolytic regions of the periprosthetic 
tissue with an inflammatory reaction [8]. They 
also reported hydroxyapatite granules embed- 
ded in the polyethylene liner, suggesting the 
presence of third-body wear caused by the 
hydroxyapatite fragments. Some retrieval stud- 
ies demonstrated the absorption of the hydrox- 
yapatite layer from the implant surface [9,10]. 



Today, it is thought that once the fixation 
between the bone and the coating was achieved, 
the hydroxyapatite is gradually replaced by 
bone. The final fixation depends on the surface 
structure of the metal implant, not on the 
surface coating. 

Bioactive Glass-Ceramic Coating 

Bio active glass or glass-ceramic was first 
developed as artificial bone and applied as an 




Figure 13.2. SEM images of implant surface in the canine THA study one month after implantation (x80). T: titanium. B: bone, a Plasma-sprayed 
titanium alloy implant (control), b AW-GC bottom-coated titanium alloy implant. Note the rapid bone formation into the pores. 
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artificial bone. AW-GC (apatite-wollastonite- 
containing glass-ceramic) is one of the bioactive 
ceramics developed at Kyoto University in 1983 
[11,12]. This glass-ceramic has the capability 
of bonding to bone in vivo and has better 
mechanical properties than synthesized hydrox- 
yapatite. In an attempt to improve the coating of 
THA in terms of bioactivity and mechanical 
strength, AW-GC coating was developed. 

The bone-bonding ability of AW-GC-coated 
titanium plate was evaluated in a rabbit study 
[13]. In this study the coated plates were 
implanted in rabbit tibiae under non- 
weight-bearing conditions and compared with 
non-coated titanium alloy, AW-GC, and hydrox- 
yapatite plates. The failure load of coated plates 
was as high as that of AW-GC for all periods and 
significantly higher at three and four weeks than 
that of hydroxyapatite. Uncoated Ti alloy 
showed significantly lower values for all 
periods. 

In the study using coated materials implanted 
in canine femoral condyles, two kinds of AW-GC 
coating were investigated [14]. The plasma 



spray-coated titanium alloy implants were 
coated by AW-GC and investigated under 
weight-bearing conditions. The first group was 
AW-GC full-coated titanium alloy implants and 
the second group was AW-GC bottom-coated 
ones (Figures 13.1, 13.2). As a result, thin AW-GC 
full coating over the plasma spray-coated tita- 
nium alloy implants did not increase the inter- 
facial shear strength values significantly at any 
test point, whereas AW-GC bottom coating sig- 
nificantly increased the values at each test point. 
In the canine study using total hip prostheses, 
the AW-GC bottom-coated titanium implant 
also showed higher bonding strength and rapid 
bone formation around the implant than simple 
plasma- sprayed titanium [15]. 

This glass-ceramic coating was applied for 
the cementless THA combined with new vana- 
dium-free titanium alloy (KOMLLOY-5, Ti-6A1- 
2Nb-lTa) for the stem and the socket back, and 
zirconia ceramic for the femoral head [16] 
(Figure 13.3). THA was first clinically used in 
1992 in Japan, demonstrating encouraging short 
to medium-term results. 




Figure 13.3. Cementless total hip prosthesis with A-W glass-ceramic coating, a Kobelco H-5. b Coated surface of the retrieved specimen. Note the 
bone ingrowth on the porous surface. 
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New Coating: "In Vivo 
Ceramic Coating" 

Plasma-sprayed hydroxyapatite or glass- 
ceramic coating has been used clinically in 
THA as mentioned before, and the medium- 
term results are satisfactory. However, concerns 
still remain regarding the stability of the coated 



ceramic surface. In manufacture, it is important 
to fabricate a thin but stable ceramic layer, 
however, the control of the composition and 
structure of the apatite layer on the metal is dif- 
ficult. Basically, the coated ceramic layer doesn’t 
bond to metal chemically, although it bonds to 
bone chemically and is gradually absorbed in 
vivo. Kokubo et al. reported an extremely new 
type of titanium coating [17,18]. With this 
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method, titanium was alkali- and heat-treated, 
providing a “hydroxyapatite nucleus” on the 
metal surface that will become hydroxyapatite 
crystals in vivo. In the study in vitro, titanium 
plates were alkali-treated with NaOH followed 
by heat treatment below 600 °C. The plates 
were then soaked in simulated body fluid and 
examined. It was found that a dense and 
uniform layer of bone-like apatite was formed 
on the surface of the alloys. It was thought 
that the amorphous alkali titanate formed after 
the treatment transformed into Ti 02 hydrogel 
after soaking in the fluid, inducing apatite 
nucleation on its surface. 

In animal experiments it was proved that this 
coating provided high bioactivity to the tita- 
nium alloy [19,20]. The treated titanium plates 
were implanted in rabbit tibiae and the tensile 
bonding values were measured. The failure load 
for the treated titanium plates were 7-30 N and 
non-treated plates were ON at eight weeks. The 
failure loads were measured up to 24 weeks with 
values of 11-30N for the treated groups and 
0.5-0.7N for the non-treated groups (Figure 
13.4). 

Strictly speaking, this coating treatment does 
not belong with the other “ceramic coating” 
treatments because the titanium is coated in 
vivo after implantation. Compared to plasma- 
sprayed ceramic coatings, however, this treat- 
ment is simple and effective, possibly reducing 
the cost of THA implants. This coating was 
applied to cementless THA femoral stems, now 
under clinical trial in Japan. 
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introduction 

Historic 

First Implantation 

In 1970, Dr Boutin developed, in co-operation 
with the French company Ceraver, a hip pros- 
thesis with cup and ball made of aluminum 
oxide ceramic (AI2O3) that he implanted suc- 
cessfully at Marzet Clinic, in Pau, France [1,2], 
In 1977 in Paris, Professor Sedel started with a 
cemented plain alumina cup and a cemented 
titanium stem. 

Clinical Experience 

In the 1970s, the German company Friedrichs- 
feld also began to look into ceramic/ceramic 
wear couples. This same decade saw the German 
Professor Mittelmeier in cooperation with the 
company Osteo to develop a cementless total hip 
prosthesis with a ball and cup made of alumina 
ceramic which was implanted for the first time 
in 1974 in Homburg/Saar [3]. This high-quality 
bioceramic continued to be developed by the 
company that became Feldmiile, which is now 
Ceramtec [2]. Subsequently the German federal 
government started to fund a R&D program to 
boost research on ceramic components for hip 
endoprosthesis. In 1985, zirconia ceramic (Zr02) 
could be found in orthopedics in France and 
after 1989 in the USA [4]. 

Number of Implantations 

The European Community approved the com- 
bination alumina/polyethylene and alumina/ 
alumina bearing couples. In total more than 
3.5 million ball heads and, since the 1980s, more 



than 350,000 inserts made of alumina have been 
successfully implanted clinically [4] . If one takes 
into account the worldwide production of zir- 
conia ball heads, one can estimate the number 
of implantations at more than 350,000 pieces, 
mainly in Europe and in the United States [2]. 

Design Concept 

Taper Fixation 

In cooperation with Feldmiile, Sulzer developed, 
for the attachment of the ceramic ball head, 
a conical connection [1,5]. It was used by 
Professor Mittelmeier immediately and Dr 
Boutin followed suit. An ISO standard draft in 
London in 1991 specified the characteristics of 
the Euro conical spigot as the 14/ 16 mm type 
with a spigot angle of 5°43'30". Inspection of the 
conical bore of the retrieved heads has been done 
and there is no indication of any wear, corrosion, 
or fretting corrosion [6] (see Figure 14.1). 

The Cup 

Ceramic materials are very strong when used in 
compression, thus, the first pioneers started 
with cups made entirely out of ceramics - so- 
called monolithic or bloc cups. These were 
either cemented, attached by stressing the bone 
via press-fit, or screwed into the acetabulum. 

Monolithic 

First clinical experience showed that the main 
advantages of using ceramics - low wear rates - 
were feasible with these designs. But cases of 
unacceptable wear rates were also reported, 
especially for screwed monolithic cups. These 
results were due to the insufficient surface com- 
patibility of the ceramic and also to the design 
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Figure 14.1. Contact zone between metal taper and conical bore in the head. There is always a circular metal print in the bore. 



of the external surface of the screwed-in 
ceramic sockets. Conditions were thus very 
unfavorable for osteo-integration. The conse- 
quence, observed in a number of cases, was 
migration of the monolithic ceramic socket and 
frequently tilting of the socket and penetration 
into the pelvis. This instability also led to very 
high wear rates [7]. 

Modular 

This non-union between ceramic and bone led 
to the use of metallic shells, resulting in excellent 
bony fixation. The aim was to fix the alumina 
cup inserts into the metal backs of modular 
prosthetic systems without neglecting surgical 
requirements and safety aspects of [8]. The stan- 
dard today is a modular cup consisting of a metal 
back and a polyethylene (UHMWPE) insert. 
Polyethylene cups are used in 85% of cases 
although alumina ceramic cups are used and 
have yielded positive results (see Figure 14.2). 

Fixation 

Direct Fixation 

The technique used for connecting the ceramic 
cup insert to the metal back has to be selected 
to conform with the safety of application as 
specified by EN 14630. Different kinds of fixa- 
tions were discussed as possible connecting 
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Figure 14.2. Combinations of materials for hip endoprostheses. 



techniques. The one that remains is a well- 
known technique consisting of clamping the 
insert into the metal back [8]. For this reason, 
the ceramic cup insert was designed as a trun- 
cated cone. The insert is clamped into the coni- 
cally shaped metal back via the surface areas of 
the tapers (Figure 14.3). 

The surfaces transferring the load applied 
must ensure that there is no linear application 
of force in order not to generate any stress con- 
centration which could cause crack formation 
inside the ceramics due to Hertzian stress. Cup 
concepts using ceramic inserts with 1:10 
(5°42'30") and 1:3 (18°55") tapers are used in 
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Figure 14.3. Direct fixation for head diameters 26, 28, and 32 mm. 
Alumina cup inserts can be fixed in the cup shell by means of conical 
clamping. 

clinical application. For both these tapers there 
is no micro movement and this antitwist fixa- 
tion is achieved if the tolerances in respect of 
surface quality, roundness, and straightness of 
the taper are selected correctly. 

Sandwich Fixation 

Sandwich fixation was introduced onto the 
market in 1993. It consists of a conical alumina 
articular liner. Its external polyethylene coating 
distributes the dynamic loads. During the oper- 
ation it is fixed into the acetabular cup with a 
special hammer (Figure 14.4). Mechanical tests 
on the ceramic-polyethylene assemblage of 
conical liners concerning the torsional stability, 
the dimensional stability of the polyethylene as 
well as the static and fatigue strength have been 
performed. 

Axe Rotation Design 

In order to minimize the probability of disloca- 
tion of the ceramic femoral head, the design of 






Figure 14.4. Sandwich fixation. 





Figure 14.5. Cross-section through alumina ceramic insert, with indi- 
cation for the positions of the center of rotation of the ceramic balls. Ml : 
The center of rotation identical with center of hole of the socket. M2: 
Center of rotation of ball shifted inward and edges of insert opening 
rounded. 



this femoral head has changed [8]. The center of 
motion of the femoral head (Ml before, M2 
today) has been altered and moved closer to the 
cup by several millimetres (Figure 14.5). The 
edge of the cup has also been rounded off and 
polished in order to facilitate its return to the 
bed subsequent to dislocation. 
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Ceramics 

Alumina (Aluminium Oxide) 

Properties 

Today the most widely used bioceramic is alu- 
minum oxide. Common material properties can 
be found in Table 14.1. 

Monophasic 

Pure aluminum oxide, AI2O3, has one thermody- 
namically stable phase at room temperature, 
which is designated as the a phase [9] (Figure 
14.6). 



Biocompatibility 

Ceramic wear particles bear a resemblance to 
fine grains, mostly about 1 /iim in diameter, or 
slightly larger fragments, between 0.5 and lO^m 
in diameter. This description is based on light 
microscopy of the periprosthetic tissue [10]. 

In vitro and in vivo studies and research on 
retrieved implants and pseudomembranes has 
led to a very rich documentation on the bio- 
compatibility of the bulk AI2O3 [11]. Today, 
alumina is the most bio-compatible material 
known. The result of this low cellular reaction 
around alumina advocates that the use of an 
alumina/alumina bearing couples will decrease 



Table 14.1. Material spedficdtions 

Material Properties 



Density (p) 

Color 

Alumina content 
Impurities SiO^ + CaO -h Na^O 
Additives (MgO) 

Microstructure mean grain size 
Elastic modulus 
Flexural Strength (4 Point 
Bending) (cT 4 pb) 

Fracture Toughness Rate (K,J 
Hardness (HV) Vickers 
Thermal Conductivity (at 25 X) (A) 
Wetting Angle M 

** Mo values mentioned in the standard. 



Units & Standards Specification Standards 

ISO 6474, 2nd ed., 

1994, Type A 

g/cm’ DIN EN 623-3 >3.94 



% >99.5 

% < 0.1 

% <0.3 

pm <4.5 

GPa 

Mpa DIN EN 843-1 >250 



Mpam*'^ 

HV0,5 DIN VENV 843-4 
W/mK DIN VENV 821-2 





Figure 14.6. Schematic representation of the monophasic alumina alpha structure. Bivalent magnesium ion in the lattice site of a trivalent 
aluminum ion. The result is an unoccupied valence of an oxygen ion. 
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and could even suppress biological loosening 
initiated by wear debris as there is less debris 
and consequently less reactivity to the debris. 

A recent study by the INSERM in Bordeaux 
(M. F. Harmand et al, 2000, personal communi- 
cation) shows different in-vitro cell reactions 
(Macrophage, Interleukine 1/3, Pge2, ETNFa) 
according to the kind of debris. They compare 
alumina, zirconia, and CoCr debris. There was 
no cytotoxicity with alumina whatever the size 
of the particles. In the case of zirconia, 
macrophage activation was observed with the 
small and large particles. The cytotoxicity 
response was according to the quantity and the 
time of contact. 

Scratch Resistance 

The hardness of alumina (2,300 HV) is greater 
than that of diamond. Alumina can only be 
scratched by diamond. This is a major quality in 
case of third-body wear (Figure 14.7). If there is 
a particle (by crescent hardness) of bone, metal, 
hydroxyapatite (HA), or cement (zirconium 
oxide addition for opacification) there will be 
no scratches, and as a result no tribological con- 
sequences on the alumina/alumina bearing 
couple. 

Wettability 

When the ionic character of the surface 
increases, the wettability increases. The differ- 
ence in electronegativity involving the elements 



■ Hardness (HV) 




Figure 14.7. Vickers Hardness of different materials. 



that constitute the surface layer form the ionic 
character Alumina and zirconia are highly ionic, 
hence their high wettability [12]. 

Thermal Conductivity 

Recent studies have shown that the temperature 
increases on the friction area of the prosthesis 
when the patient is walking. This temperature 
depends of the bearing couple and its capacity to 
eliminated the heat. McKellop showed in a hip 
simulator that the temperature on top of the ball 
head with Zr-PE bearing couple was 5 1 .3 °C, with 
CrCo-PE 40.4 °C, and 35.6 °C with Al-PE [15,16]. 

The thermal conductivity of alumina (30 W/ 
mK) is high, therefore the transmission of heat 
is easy. On the other hand, the thermal conduc- 
tivity of zirconia is low (2.5 W/mK). 

Improvements 

The raw material has changed over the years. 
The first generation of alumina was industrially 
pure at 99.5%. In the 1980s, raw material of 
better quality and purity was used, the “second 
generation” of alumina. This is still used today. 
Contaminants such as silicates and various 
oxides of alkalis and iron can create glassy 
phases at the boundaries of the ceramic crystal, 
leading to degraded properties [13]. A clean 
room was introduced in order to reach an even 
higher degree of purity. Today the range of 
purity ranges between 99.7 and 99.9%. Another 
improvement is micronization that enables the 
production of a very homogeneous powder with 
a highly regular grain size. 

Manufacturing Process 

In 1995 major changes were introduced in the 
manufacturing process of what was to become 
the third-generation alumina. 

Before this date the ball head was marked by 
diamond engraving. The changes in surface 
geometry were too aggressive for the alumina. 
Shallow laser marking, as is commonly used 
today, does not weaken the ceramic compo- 
nents. The fine-grained powder from which 
oxide-ceramics are produced is compacted into 
a “green body”. This green body is constituted 
of agglomerated particles whose density is fifty 
times superior to the final density. The agglom- 
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Figure 14.8. a SEM picture of alumina before 1995; grain size of 3.2 and a bending strength 4p of 500 Mpa.b SEM picture of alumina after 1995; 
grain size 1.8 ^m and a bending strength 4p of 580 Mpa. 



erated particles are transformed into a dense, 
polycrystalline body during the firing process 
(sintering) [14]. 

A special sintering process called HIP (hot iso- 
static pressed) is now used to reduce the size of 
the grain and thus increase the mechanical 
strength. By precisely controlling the tempera- 
ture and pressure (1,000 atmospheres) an 
average grain size below 2 jum can be obtained 
and an alumina with a high density of 3.98 g/cm^ 
is created. The comparison of the two following 
microradiographs shows the high degree of 
improvement (Figure 14.8). This treatment also 
improves the surface finish. 

1506474 

The ISO 6474 standard for medical grade 
alumina was introduced for the first time in 
1979 and revised in 1994. Table 14.1 summarizes 
the specifications of the material. The right 
column shows the properties of the third gener- 
ation of alumina that is now commercialized 
[ 10 ]. 

Third Generation 
Technical Results 

Crack growth, which can subsequently cause 
fracture, can be the source of an extremely high 
load on the bearing couple, for example during 
a trauma. One hundred and seven ceramic ball 
heads have been retrieved and examined. No 
loss in fracture load was detected when burst 
strength tests were undertaken. This can be 




Figure 14.9. Velocity of crack growth versus stress intensity 
Ig V = Velocity of crack growth. K I = Stress intensity. K lo = Fatigue limit. 
K Ic = Fracture toughness. 

explained by the relation between the velocity of 
the crack propagation and the stress intensity 
(Figure 14.9). The in vivo stress intensity, Kj, of 
ceramic femoral heads is generally about 
0.6 Mpa m^^^ when exposed to normal strain. 
This level of stress intensity ranges below the 
fatigue limit, Kjo, of alumina, which is rated to be 
approximately IMpa [15]. 

Clinical Results 

Toni et al. [16] have demonstrated how fracture 
rates have diminished over the years. In the 
1970s the high fracture rates were common, due 
to the low-density alumina manufactured by 
companies that did not respect the later- 
introduced legal specifications. 

However, the analysis of alumina ceramics 
and more precisely Biolox® femoral heads 
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shows a fracture rate that has decreased from 
0.026% for the first generation to 0.004% since 
1994 (Table 14.2) [18]. 

Zirconia (Zirconium Oxide) 

Properties 

Material properties can be found in Table 14.3. 

Triphasic 

The crystal structure of pure zirconia can either 
be monoclinic, tetragonal, or cubic (Figure 



Table 14.2. Published revision rates of THRs 



Rate of revision 


Due to 


Approx. 10% 


Aseptic loosening 


Approx. 2% 


Fracture of the prosthetic stem 


Approx. 1% 


Septic loosening 


Up to 10% 


Compiled fraaure of early alumina heads 
offered by other manufacturers [17] 


0.01% 


Compiled fracture of a Biolox head alone; 
Semlisch's analysis for Sulzer [18] 


0.015% 


Compiled fracture of a Biolox head alone; 
Semlisch's analysis for Sulzer [15] 


0.026% 


Fracture of a Biolox head (first generation); 
CeramTec analysis [16,19] 


0.014% 


Fraaure of a Biolox head (second generation); 
CeramTec analysis [16,19] 


0.06% 


Fraaure of standard Biolox heads (first and 
second generation), Fritsch's Investigation is 
based on the revision in the hospital of 
Homburg/Saar [20] 


0.004% 


Fraaure of a Biolox forte head (third 
generation); CeramTec analysis [16,19] 



14.10) . The different microstructures are con- 

trolled by the addition of various cubic oxides 
such as MgO, CaO, or, more recently. Yttrium 
(Y 2 O 3 ) [ 21 ]. Currently, Yttria-Tetragonal 

Zirconium Polycrystal (Y-TZP) is manufactured 
according to the ISO/DIS 13356. The volume of 
the monoclinic phase is superior by 5% to the 
tetragonal phase; the mechanical and tribologi- 
cal properties are poor. 

Phase Transformation 

The outstanding mechanical properties of zir- 
conia ceramics are due to their phase transfor- 
mation mechanism [22]. In its normal state, the 
material is fixed in its metastable tetragonal 
phase. Should crack formation occur, particles 
near the crack can transform from tetragonal 
into monoclinic, increasing their volume by 
approximately 5%. This can close the advancing 
crack front and thus “heal” the fracture (Figure 

14.11) . Unfortunately, if this process is not con- 
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Figure 14.10. Schematic representation of two different zirconia 
phases. 



Table 14.3. Material properties of zirconia 

Material Properties Units & Standards Zirconia IS0 1 33S6, 1 997 



Density (p) 

Color 

Combined zirconia, yttrla content 
Additives (YA) 

Monoclinic phase 
Microstructure mean grain size 
Elastic modulus 
Flexural strength (four-point 
bending) (ct.^) 

Fraaure toughness rate (K,J 
Hardness (H) 

Thermal conductivity (at 25 T) (A) 
Wetting angle (a) 



g/cm’ DIN EN 623-3 

% 

% 

% 

pm 

GPa 

Mpa DIN EN 843-1 
Mpam*'^ 

HV0,5 DINVENV 
843-4 

W/mK DINVENV 
821-2 



p6.00 

>99 

4.5-S.4 

*« 

< 0.6 

♦* 

p900 



No values mentioned in the standard. 
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Figure 14.11. Diagram of the phase transformation after compressive stress. 



trolled and tightly constrained in the material, 
so-called low-temperature degradation may 
occur [23]. 

Under hydrothermally challenging condi- 
tions, as those found in vivo, micro and macro 
crack formation can start due to a spontaneous 
phase transformation from the tetragonal to the 
monoclinic. This phenomenon expands accord- 
ing to growth mechanism laws and is trans- 
ferred from one grain to the next, until the 
whole component is penetrated and trans- 
formed. The result is an embrittlement by 
rupture of grain structures and the complete 
loss of strength in the ceramic. 

This degradation can be suppressed by 
increasing the amount of foreign oxide doping 
or by reducing the grain size [24] in which case 
a stable zirconia is produced. Unfortunately, 
such zirconia doesn’t show the above-outlined 
transformation toughening mechanism. 
Strength and toughness are good, but fracture 
healing is very much reduced. 

FDA Recommendation 

After the MDA (Medical Devices Agency) 
recommendation [25] about the risk of steam 
re-sterilization, of zirconia ceramic heads, the 
FDA (Food and Drug Administration) pub- 
lished the following information in May 21, 
1997: 

''This is to inform you that steam sterilization 
has been associated with surface roughening of 
zirconia ceramic femoral head components of 



total hip prostheses. This occurs because expo- 
sure to steam and elevated temperatures may 
lead to a phase transformation in the crystal 
structure of the zirconia material. As a conse- 
quence of this roughening, increased wear on 
the ultra-high-molecular-weight polyethylene 
acetabular component may occur, which can 
cause premature failure and require early revi- 
sion.” (Figure 14.12). 

Technical Results 

Typical zirconia ceramics used in orthopedics 
follow the ISO 13356 standard. Their mechani- 
cal properties can be seen in Table 14.3. 

Clinical Results 

Very little has been published concerning zirco- 
nia ball heads despite their introduction as early 
as 1985. Today approximately 350,000 pieces 
have been implanted. The fracture rate, accord- 
ing to reported cases, is 0.01%. This takes into 
account all fractures of implanted zirconia ball 
heads between 1985 and 1996. 

Future Perspectives 

The biggest manufacturer of orthopedic 
ceramic implants has decided to discontinue to 
manufacture pure zirconia components, due to 
the problem of long-term stability of the mate- 
rial. Some other manufacturers of ceramic 
implants continue to produce zirconia. 
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Figure 14.12. Hydrothermally treated zirconia (Y-TZP). 



Hybrid Ceramic Compounds 

With alumina it is not possible to produce 
femoral ball heads smaller than 28 mm, certain 
tapers, or certain shapes such as those used in 
knee implants. As described in the previous 
chapters the hydrothermal instability can cause 
problems in long-term use. In vitro tests of the 
zirconia/zirconia bearing couple does not show 
acceptable results for it to be used in orthope- 
dics [26]. 

Concepts for Improving Ceramics 

Ceramics are considered tough when they 
present a high resistance to crack propagation. 
In fracture mechanics of ceramics, the relation 
ship between toughness and strength is given 
as: 




where p = strength, Kic = fracture toughness, 
a = flaw size, and y = material constant. 

Both the flaw size and the reduction of the 
grain size must be considered when improving 
the strength of the ceramic material. The two 
following concepts have been explored. 

Zirconia Toughened Alumina (ZTA). Small par- 
ticles of metastable zirconia are finely dispersed 




Figure 14.13. The principle of transformation toughening by zirconia 
particles, which are dispersed in the alumina matrix. 



in an alumina matrix. This gives the material the 
possibility of transformation toughening, as 
outlined above, and thus higher toughness and 
resistance to crack propagation. First mechani- 
cal trails were reported and showed promising 
results. But, like zirconia, ZTA is not always a 
thermodynamically stable material [27]. 

Alumina Matrix Composite(AMC). By the intro- 
duction of yttria-coated, nanosized zirconia 
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particles, the existing stability problems of ZTA 
ceramics can be overcome (see Figure 14.13). 
Furthermore, these zirconia grains are isolated 
from each other by a solid and stable alumina 
matrix phase that constrains these zirconia par- 
ticles and suppresses their transformation [28]. 

Another approach to improve strength is the 
principle of reinforcement by introducing 
anisotropic whisker-like crystals. The crack 
energy is dissipated by deviation of the crack 
around the fiber crystal (Figure 14.14), which is 
associated with an increase in strength and 
toughness. 

The loss of hardness from alumina by the addi- 
tion of zirconia can be compensated by another 
component - chromium oxide. Further compos- 
ites need to be added to improve toughness. 




Figure 14.14. The principle of reinforcement by whiskers or platelet- 
like crystals in an alumina matrix. 



Table 14.4. Material properties of alumina matrix composite 

Material Properties 

Density (p) 

Color 

Young's modulus (E) 

Flexural strength (four-point bending) (c7«t) 

Fracture toughness rate (K,c) 

Vickers hardness (H) 

Thermal conductivity (at 25 ®C) (A) 

Wetting angle in ringer's (a) 



Platelet-like crystals are formed in situ during 
sintering and are therefore homogeneously dis- 
tributed throughout the ceramic (Figure 14.15); 
they have a great influence on strength and 
toughness. Figure 14.16 shows the microstruc- 
ture of the alumina matrix composite. 

New applications such as knee components 
are technically feasible thanks to this high- 
strength material (Table 14.4). 

Assessment of Wear Couples 

Interface Head Insert 

The Bearing Couple 

The hardness of a material is usually defined as 
resistance to scratching from other materials. 
Therefore, a simple rule can be established. The 
higher the level of hardness of a material, the 
lower will be the wear of this component. When 
using two materials as a wear couple in an 
aqueous environment, a combination of equal 
hardness materials has proven to be advanta- 




Figure 14.15. Microstructure of the alumina matrix composite. 



Units & Standards 


AMC Biolox®delta 


Test Report 


g/cm^ DIN EN 623-3 


>4.36 


* 


- 


Mauve 




Gpa DIN EN 843-2 


350 


PB (TF-A) 004 


Mpa DIN EN 843-1 


1,138 


PB(TF-A)00r 


MPam’^ Notched beam 


5.7 


* 


HV1 DIN VENV 843-4 


1,975 


PB (TF-A) 005^ 


W/mKDINVENV821-2 


16.7 


PB (TF-A) 008 


"Sessile drop 


2.5 


PB (TF-A) 006 



Note: • These values are tested regularly with each production batch. Results shown here are from batch CH0201, Qf-LA 0130, 25.6.98 if not stated otherwise. 
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geous. Indeed if this is not the case, the softer 
material will wear uncommonly quickly [8,29]. 

The Lubricant 

Most wear couples need to be lubricated in 
order to enhance sliding as the main form of 
interaction, and to avoid surface contact, leading 
to abrasion, between the two partners. In 
mechanical applications an artificial lubricant is 
usually introduced. Unfortunately, this is not 
easily accomplished in biomedical applications. 
The body itself provides a natural lubricating 
medium to its joint - the synovia. This lubricant 
will be of major importance in long-term fric- 
tion applications such as joint replacement. The 
absence of lubrication or poor lubrication has a 
considerable effect on the wear rate. 

The Load 

Load distribution on the contact area of the 
bearing couple is a main element to be taken into 
consideration. In a ceramic/ceramic bearing 
couple the diameter of the ball head has no influ- 
ence on abrasion and consequently on the wear 
rate. However, the shape of the two components 
will have a major action on the tribology. 

Different forms of contact have been studied 
(Figure 14.16). The first possible combination is 
called “equatorial” or circumferential. This case 
introduces hoop stresses in the ceramic insert, 
possibly leading to fracture and chipping of the 
insert. 




Figure 14.16. The effect of shape on tribology of hip joints, A - equa- 
torial type; B - perfect congruance between head and insert; C - 
optimal interface between head and insert. 



The second possibility is to obtain a perfect 
congruence between the ball head and the 
insert, but - aside from technical and geometri- 
cal (sphericity) problems - this does not enable 
correct lubrication and has high frictional resis- 
tance, creating abundand wear debris. 

The third possibility is the one used today. 
The diameter of the ball head is slightly inferior 
to the size of the insert, enabling both good dis- 
tribution of the load and perfect lubrication. 
This design demands great care in the manu- 
facturing techniques and also during quality 
control. The result of the wear couple will there- 
fore depend on the level of competence and the 
requirements of the company manufacturing 
the ceramic. 

Tribology 

Ring-On-Disk 

In order to screen the tribologically required 
materials for hip joint replacement a ring-on- 
disk test as detailed by ISO 6474 is often per- 
formed [30]. This test is standardized - allowing 
good comparison between results - and stresses 
the materials higher than their final application 
as joint replacement components, thus enabling 
the scientist to reduce testing time. 

The flat surface of the ring (inner diameter of 
14 mm, outer diameter of 20 mm) and the disk 
(outer diameter of 30 mm) oscillate (±25°, f = 
1 Hz) against each other under a constant load 
of F = 1,500 N. Most material combinations for 
hip joint replacement have successfully passed 
this test. Any new combination should be tested, 
as the results can sometimes be unexpected. 
Whereas many ring-on-disk tests with the com- 
bination zirconia (Y-TZP)/UHMWPE finished 
normally, experiments with the combination 
zirconia (Y-TZP)Zzirconia (Y-TZP) and zirconia 
(Y-TZP)/alumina were both stopped after 
approx. 50,000 cycles because of massive wear. 
Figure 14.17 shows the typical wear volumes of 
a successful test, and the disastrous wear found 
with the above combinations. 

Hip Simulator 

Today, an international standard (ISO 14242) 
exists for hip simulator testing based on the 
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Figure 14.17. Volume of wear of the disk material after ring-on-disk 
experiment of the combination of ceramic ring and ceramic disc (mean 
value ± standard deviation, n = 5). 

ASTM Guide for Gravimetric Wear Assessment 
of Prosthetic Hip Designs in simulator Devices 
(F 1714-97). Therein, the femoral and acetabu- 
lar components of a test specimen are placed in 
position in their normal configuration (cup 
above head) and the apparatus transmits speci- 
fied time (IHz) varying forces (double peak 
curve, maximum loads 3 kN) between the com- 
ponents together with specified relative angular 
displacements (flexion/extension -1-25° to 
-18°; adduction/abduction -1-7° to -4°; and 
inward/outward rotation -10 to -h2°). The test 
takes place in a controlled environment (diluted 
bovine serum at 37 °C) simulating physiological 
conditions. 

The following methods of measurement are 
permissible. 

The test specimen is assessed for wear by 
testing for loss of mass in the simulator. A 
loaded, non-articulating control specimen is 
intended to allow for fluid sorption (when using 
UHMWPE cups). 

A coordinate measurement machine is used 
to map the articulating surface of a total hip 
prosthesis relative to a reference position, direc- 
tion, and plane prior to the start of the wear test 
and at suitable intervals during the test. From 
these data the volumetric change between 
measurements is determined. Loaded non- 
articulating controls can be used to allow the 
effects of plastic flow (when using UHMWPE 
cups). 

The volumetric wear value can be converted 
from linear wear value by the following formula: 



Table 14.5. Commonly found linear and volumetric wear rates of tri- 
bological materials from simulator studies 



Bearing couple 


Linear wear 
[mm/million 
cycles] 


Volumetric wear 

[mmVmillion 

cycles] 


Metal/UHMWPE 


0.2 


35 to 200 


Zirconia/UHMWPE 


0.1 to 0.2 


31 to 67 


Alumina/UHMWPE 


0.1 to 0.2 


31 to 79 


Alumina/Alumina 


<0.002 ^ 


<0.3* 



* denotes typical detection limits, values measured are on this level. 



Volumetric wear = cr x x linear wear, where r 
is the nominal radius of the wear couple. 

The wear of ceramics has been well docu- 
mented in the applications in engineering and 
as biomaterials [10]. The following results have 
been established after numerous studies on the 
subject (Table 14.5 and 14.6). 

Bearing Couple 
Alumina/PE 

Time and experience have proven that the wear 
in the alumina/PE couple is two to five times less 
than in the metal/PE combination [14]. A con- 
sensus has been reached concerning the PE 
wear in vivo at twice that of alumina. A recent 
study of retrieval components compare metal- 
on-polyethylene combinations and ceramic-on- 
polyethylene combinations after 4-8 years in 
situ. More than twice as many polyethylene wear 
particles were produced from prostheses with 
metallic heads [17]. 

Alumina/Alumina 

The alumina/alumina bearing couple presents 
the lowest recorded clinical wear. One of many 
studies done in a hip simulator of the alumina/ 
lumina bearing couple was in Helsinki Univer- 
sity of Technology, where it showed a very low 
wear rate. Visual examination and weighing of a 
26, 28, and 32 mm-diameter head after 5 million 
cycles did not show wear. Scanning electron 
microscopy showed very slight wear marks, con- 
sisting of a removal of grains [31]. 

Wear rates have been found to be less than 
0.005 mm per year after study of retrieved 
alumina/alumina wear couples [32]. Most 
authors, such as Nizard, Sedel, and Mittelmeier 
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Table 14.6. Wear rate data published on new ceramic materials from simulator studies 



Wear couple 


Linear wear rate 
per year 


Comment 


ISO or ASTM Standards 


Approved by FDA 


Metal/UHMWPE 


0.2-0.5mm 


Satisfactory mid-term 
experience when used 
for old and not active 
patients 


Yes. Various 


Yes Class II, 510(k) 


Alumina/UHMWPE 

Mg-PSZ/UHMWPE 

Y-TZP/UHMWPE first 
generation (black) 


<0.1 mm 


Good long-term clinical results 
Not used anymore 

High revision rate. Not used 
anymore 


Yes. ISO 6474, ASTM F 603 
No standard for 
Mg-PSZ zirconia 
No standard 


Yes Class II, 510(k) 
Yes. Class II, 510(k) 


Y-TZP/UHMWPE second 
generation 


<0.1 mm 


Satisfactory mid-term 
experience 


Yes. IS0 13356 


Yes Class II, 510(k) 


Alumina/Alumina 


0.005 mm 


Very good long-term 
experience 


Yes. ISO 6474, ASTM F 603 


Class III. Six IDEs ongoing 
in USA. FDA approval 
Feb. 2003 


Y-TZP/Alumina 


Controversial 


In vitro test, very few 
clinical cases 


No standard for the 
wear couple 


No 


Y-TZP/Y-TZP 


Controversial 


In vitro testing only 


No standard for the 
wear couple 


No 


ZTA/PE 


Same as AI/AI 


In vitro testing only 


No 


No Status: R&D 


ZTA/ZTA 


Less than AI/AI 


In vitro testing only 


No 


No Status: R&D 


AMC/AMC 


<0.002 mm* 


In vitro testing only 


Yes 


No IDEs ongoing 


AMC/Alumina 


<0.002 mm* 


In vitro testing only 


Yes 


No IDEs ongoing 



* according to Zirconia content (and thus density). 



report satisfactory results, especially in young 
and active patients after a minimum of ten years. 
The ceramic/ceramic bearing couple wear rate is 
200 times lower than that of the metal/PE couple. 
The average wear rate of alumina/alumina total 
hip replacements reported in the Hopital Saint- 
Louis in Paris is 0.025 jj,m per year. 

other Bearing Couples 

Because of the positive experience with ceramic 
as a bearing couple material, new materials and 
material combinations have been proposed and 
first information has been reported. The result 
of the investigation on zirconia/alumina is very 
controversial; some people report disastrous 
wear, some not. 

Zirconia/Alumina 

A recent publication shows three different 
modes of wear behaviour in full ceramic 
bearing couples. The optimum case (mode 1) 
reveals very low wear; the observed phenome- 
non is limited grain pull-out as well as areas 
showing mild abrasion wear. If the main influ- 



ence parameters (time, load, chemistry) change, 
the wear interface degrades and wear rates 
increase exponentially. Mode 3 is characterized 
by a steady-state wear rate at a high level; the 
wear surfaces are completely destroyed. 

From the very widely varying results pub- 
lished on zirconia/alumina couples, it seems 
likely that these applications run in mode 2, with 
slight changes in simulator conditions creat- 
ing very diverging results. The discussion on 
these wear applications is at the moment very 
controversial. 

A clinical case was reported where a patient 
had complained about squeaking and noise in 
his total hip replacement after 37 months. The 
revision showed the retrieved components to be 
an alumina cup and a zirconia ball head. The 
linear wear of the cup was about 12jUm, and 
9jUm for the head [33]. 

Zirconia/Zirconia 

Because of possible severe degradation and 
decreased strength due to temperature and 
humid environments the Y-TZP material is not 
widely used in hard-hard applications [22]. 
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Figure 14.18. Wear volume of different combinations of alumina and 
zirconia coupling.The difference to 100% represents the zirconia content. 



ZTA/ZTA Bearing Couple 

A resent study [34] clearly demonstrated the 
influence of the zirconia content on the tribo- 
logical behavior of such wear couples, using the 
ring-on-disc method. A high amount of zirconia 
at both sides (ring and disc, equivalent to ball 
head and insert) led to catastrophic failure (up 
to 45 mm^) (Figure 14.18). The best results 
have been achieved for the alumina/alumina 
coupling with a small amount of zirconia 
(0.008 mm^ wear volume). 

Combinations 

With the release of more and more new materi- 
als for bio-tribology, the possibility of assem- 
bling different wear couples increases 
dramatically. It is important to limit these 
experiments in order to avoid catastrophical 
failure in the future. 

Standardization 



nation of two ceramics from two different man- 
ufacturers will cause problems with the tribol- 
ogy and important wear rates are to be 
expected. All combinations that have not been 
examined and approved will cause legal prob- 
lems if used. 

Legal Risks 

According to the most recent jurisdiction, sur- 
geons using prosthetic components from one 
manufacturer together with components from 
another manufacturer, which have not been 
approved explicitly for this purpose by the sup- 
plier of such components, shall be held respon- 
sible for the quality of the components, and for 
any technical problem resulting from the com- 
binations [35,36]. Therefore, the leading manu- 
facturers dictate “Never mix and match”. Only 
the following combinations are safe with regard 
to the above criteria (Table 14.7). 

It is thus good practice to consult with man- 
ufacturers of all components before starting any 
tests, trails, or even implantations. 

FDA Approval 

The strictest criterion today is that of the FDA, 
which classes its medical products [37]. Under 
class II come ball heads made of aluminum and 
zirconium oxide ceramics that articulate against 
the more usual polyethylene (UHMWPE) 
surface. Under class III come the wear couples 
that articulate against a ceramic cup. In the 
USA, before a product can gain Class III certifi- 
cation, the manufacturer has to submit a pre- 
market approval application (PMA), which 
revolves around laboratory data and clinical 
data [38]. The clinical data is then collected in 
the form of a clinical trial performed by the 
manufacturer with FDA support and input - 
this is the Investigational Device Exemption 
(IDE). 



No real standardization exists for ceramic com- 
ponents. The shape of the head and the inserts, 
and the diameter, the tolerance, and the devia- 
tion of sphericity are specified but no standard 
exists. Each manufacturer will determine its 
own criteria. For this specific reason the combi- 



Table 14.7. Approval combinations 



Ball head 


Cup 


Alumina made from one manufacturer 
Zirconia made from one manufacturer 
Alumina made from one manufacturer 


Polyethylene 
Polyethylene 
Alumina made from the 
same manufacturer 
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15 Usual Mechanical Tests: Mechanical Properties of the 
Fundamental Elemental Materials 

P. Grosbras and A. Junqua 



Introduction 

Materials are chosen according to the uses that 
are intended: 

does it have to be rigid or ductile? 

will it be subjected to sudden, intense, or 
repeated forces? 

will it be subjected to high temperatures? 

will it be subjected to friction? 

etc. 

So, the properties that are required are selected, 
then we go to the catalogs to look for the best 
material. It is necessary, however, to understand 
how the properties listed in the catalogs have 
been obtained and what they mean; it must also 
be realized that these properties have been 
established by standard tests under conditions 
that might not be the same as when the 
material is being used. 

We will therefore study various tests that 
enable us to know how a material subjected to 
an external force will “respond”. The results of 
these tests are the mechanical properties. 

The force applied, F, is, of course, compen- 
sated for by an opposite force (reaction), other- 
wise the material does not deform, it would be 
displaced. The material is said to be stressed 
(Figure 15.1). 

Definitions 

Stress 

If a force F is applied perpendicularly to the 
surface So; the stress is the ratio of the intensity 
of the force to the initial section Sq. More pre- 



cisely, this is called nominal stress, and is 
expressed in pascals (Pa). Very often, stress has 
a high value and is expressed in MPa. 

If the force is not perpendicular to the 
surface, it is broken down into two con^onents: 
normal force, F„, and tangential force. Ft; in this 
case, two stresses are defined: 

(7 = — and T = — . 

Shear stress MPa 

The following four states of stress are encoun- 
tered in practice (Figure 15.2): 

State of Uniaxial Stress 

Simple traction, or simple compression (the test 
piece is long in relation to the radius). 

State of Biaxial Stress 

A spherical vessel containing a fluid under pres- 
sure is loaded in two directions; the stresses are 
not necessarily symmetrical. 

Hydrostatic Pressure 

The stresses are identical on all the faces. 

„ <J > 0 ^ traction 

By convention: 

cr < 0 ^ compression 

(See Figure 15.3) 

Simple Shear (Torsion) 

Deformation e 

Materials react to stresses by deforming; a stress 
CJ brings about a deformation £ defined by the 
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Figure 15.4 



ratio of elongation A/ of the material to the 
initial length /q. 

£ = -j- Al = l-lo 

k 

The lengths are measured between two refer- 
ence points on the test piece. It can be specified 
that this is nominal deformation (or unitary 
elongation in relation to the initial length); it is 
a number without dimension expressed as a 
percentage. 

Shearing creates shear deformations (see 
Figure 15.4). If the shear takes place along a 
length u (ft shear angle), the shear (or distor- 
tion) is defined by: 

7 = tg0 = -r 
h 

In general, the deformations are small: y% ~ 0 
in radians. 

Hydrostatic pressure brings about a change in 
volume called expansion. 



Resistance 

Resistance measures the maximum stress that a 
material can withstand before breaking. If is 

Fm 

the maximum force, the resistance is cTr = — . Gr 
is therefore the breaking stress. 

Ductility 

Ductility is the property owing to which a 
material deforms permanently before breaking. 

Toughness 

Toughness measures the energy required to 
cause breakage. It is therefore measured in Joules. 

Hardness 

Hardness measures a material’s resistance to 
penetration. 
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Figure 15.5 




Figure 15.6 



Note: For a given application, different values 
will be specified for these properties; they are 
often contradictory (for example, resistance 
and ductility); compromises therefore have to 
be made. 

Deformation Curves 

The curve is represented as o{£); the shape of 
this curve and the values of the parameters that 
govern it can be very different. In general, a dis- 
tinction is made between a number of ranges: 

Elastic Range 



P (pressure) = ~x > X - coefficient or 

^0 

modulus of compression. 

The moduli of elasticity (E, G, x) 
expressed in MPa. 

Linear elasticity applies only to small defor- 
mations {e < 0.1%) typically. Beyond this, some 
solids break, others continue to deform, but the 
deformation is no longer elastic (this is known 
as plastic deformation); the limit established is 
called the limit of elasticity or the elastic limit. 
Finally, some solids (rubber) remain elastic to 
considerable deformation, but no longer obey 
the laws of linear elasticity (see Figure 15.6). 

Some E values for various materials are: 



Deformation is said to be elastic if the test piece 
regains its initial dimensions when the external 
force is suppressed. The modulus of elasticity 
measures the resistance of a material to elastic 
deformation: materials with a low modulus are 
flexible and undergo considerable elastic defor- 
mation; this effect may be desirable (springs, 
vaulting poles, etc.), but in many other practical 
cases the deformation is not at all desirable and 
materials with a high modulus will be used. For 
copper, steel, tungsten carbide, and selenite, the 
range of elastic deformation coincides with the 
initial linear portion of the deformation curve 
(see Figure 15.5). 

The slope of the linear part of the curve 
defines the Young's modulus E (or modulus of 
elasticity). E is expressed in Pa or in MPa (some- 
times, but incorrectly, in kg/mm^; 1 kg/mm^ ~ 
10 MPa). G=Ee (Hooke's law). 

In the same way, other moduli are defined: 
T= Gy(G = modulus of shear). 



Diamond 
Silicon carbide 
Steel 

Aluminum 

Alumina 

Glass 

Nylon 

Rubber 

PVC 



1,000,000 MPa 

450.000 

210.000 

70.000 

35.000 

71.000 
2,800 

100 

1 



The usual materials are therefore in a conve- 
nient range to choose from for a given use 
ranging from IMPa to lO^MPa, i.e., over six 
orders of magnitude! 

Rigidity is the property a material has for 
deforming elastically under the action of a 
stress. Young's modulus is a possible way of 
measuring the material's rigidity; a material is 
all the more rigid as the elastic deformation is 
low for a given level of stress (i.e., E is high). See 
Figure 15.7. 
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Figure 15.7 



Material 1 is more rigid than material 2. 



Definition of Poisson's Coefficient 

In the case of a uniaxial stress, longitudinal 
elastic deformation is accompanied by lateral 
deformation (in the directions perpendicular to 
the stress), characterized by Poisson’s coefficient 
V (see Figure 15.8). 

This can cause: following the axis z, (7= <J^ and 

£z= — = £ and following the axis x, £^ - -v£, 

E 

For most metals, for example, v ~ 0.33, and 
for many materials, 0.25 <v < 0.5. 

For example, for a cylindrical rod with an 
initial radius Tq: 

Ar , A/ Ar 
£x = — and £ = — ^ — = -V. 
ro k ro 



There is, therefore, a slight increase in volume 

Ay 

under traction; for v = 0,3 and e = 10 ^ 

Vo 

= 4A0~\ 

AV 

= 0ifv = 0,5^ there is no change in 

Vq 

volume. 

To summarize, the elastic range is character- 
ized by three properties: 



Hooke’s law: stress proportional to the defor- 
mation; it does not depend on the type of 
deformation. 



reversibility of the deformation, 
slight change in volume. 



It is therefore shown that: 
3(1 -2v) 



G = 



E 

2(Uv) 



and 



Range of Plastic Deformation 



With a small change Ar in the radius, this 
becomes: 

A y _ nirg + Arf {Ig + Al) = la-glg 
Vg mglg 

If terms of the order of 2 and greater are 
ignored, such as Ar^, ArAl . . . , we have: 

Ay Tvrjlg + iTVTglgAr + TtrjAl - TCVplg 

Vg TtrX 

AV Ar Al 

= 2 — +—==-2ve+e. 

Vo Vq Iq 

AV 

Finally, = f(l - 2v). 



The deformation of the material is said to be 
plastic if it does not regain its initial dimensions 
when the load is removed. Beyond the elastic 
phase, the application of greater stresses causes 
permanent deformation: the atoms have been 
displaced irreversibly. In the plastic phase (the 
part of the curve beyond A) there is no longer 
proportionality between stress and deformation 
(see Figure 15.9). 

The limit between the two ranges (point A) is 
called: the elastic limits cTe, which measures the 
ability of the material to resist plastic deforma- 
tion. When the load is removed, for example 
from B (or when breakage takes place at point 
D), the state of the material (cr, £) follows a 
straight line BB' parallel to OA (or DD'). OB' (or 
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Figure 15.9 




Figure 15.10 



Different Types of Deformation Curve 

They correspond to possible behaviors of the 
material. 



Ductile Material 



Breakage takes place after major plastic defor- 
mation. There are two properties for measuring 
ductility: 



Elongation at breakage, A = 



lf=lo 

h 



expressed 



as a percentage. As deformation is often local- 
ized in the contraction zone, the information is 
only meaningful if the length Iq which serves as 
a reference is specified. 



’NT’ *^o 

Contraction at breakage, ^ = is also 

So 

expressed as a percentage. The reduction in cross 
section is considerable for very ductile materials. 
X is a property that has the advantage of not 
depending on a reference length as in the deter- 
mination of A; it can also be used to determine 
the true deformation at the break point (true 
deformation involves S and not So). A and X vary 
in the same direction to characterize the different 
materials; it is difficult to establish the exact rela- 
tionship between these two properties since the 
deformation can be extremely localized. 



OD') represents permanent elongation; OD' is 
the elongation particular to breakage (B'B" is 
elastic deformation). 

So, if the load is removed completely, i.e., 
when the stress reaches the value zero, there 
remains a permanent, so-called “plastic” defor- 
mation, £p, measured by OB' and there has been 
elastic shrinkage measured by BB' (see Figure 
15.10). 

The plastic range consists of two parts: 

in the part AM, the stress increases up to a 
maximum, 

from M, a necking appears on the test piece; this 
is the start of the contraction. The deformation 
is localized in the contraction zone, which 
explains why the curve returns towards the £ 
axis. This phenomenon lasts for either a short 
or long time and breakage occurs in the con- 
traction zone where the section is weakest. 



Brittle Material 

Breakage takes place without there being a 
plastic phase (the deformation is purely elastic; 
< 7 e and Rm are merged). A and X are very small 
(nil in theory). Examples include tungsten 
carbide, selenite, ceramics, gray cast iron, etc 
(see Figure 15.11). 

Important note: Heat treatment affects the 
mechanical behavior of a material considerably; 
for example, a ductile metal may become brittle; 
this is why lead becomes brittle at very low 
temperatures. 

Linear and Non-linear Elasticity; 

Inelastic Behavior 

Linear Elasticity (see Figure 15.12) 

The above curve describes the case of a ma- 
terial with linear elastic behavior (Hooke’s law). 
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Figure 15.11 




Figure 15.13 




The slope E of the deformation curve is the 
same in traction and in compression. The value 
of the area under the deformation curve is: 

a=\cTde={—f- =—jFdl. 

J ^ So k Vo 

Stored elastic energy by unit of volume (or 
density of elastic energy). . If the stress is 
released, this energy is completely regained. 

Non-linear Elasticity (see Figure 15.13) 

The above deformation curve is that of a non- 
linear elastic material. This is the case with 
rubber, for example. The deformation may be 
considerable and the material remains elastic; 
when the stress is released, the same curve is 
described as when X was increasing, and all the 
energy stored during traction is regained when 
the load is removed (it can be passed to projec- 
tiles; for example, arrows, catapults, etc.). 

Inelastic Behavior (see Figure 15.14) 

Finally, there is a third type of behavior that 
some materials obey - inelastic behavior - the 




Figure 15.14 



discharge curve does not exactly follow the load 
curve. Energy is therefore dissipated during a 
load-discharge cycle (area: dissipated energy by 
unit of volume). All solids are, in fact, slightly 
inelastic. Sometimes this is a desirable effect in 
order to attenuate vibrations or noise (poly- 
mers, soft metals such as lead, etc.); but often 
attenuation is not very desirable (springs, 
musical instruments, etc.). 

Rational Curves 

Introduction 

For small plastic deformations, the deformation 
curve in traction and the deformation curve in 
compression are symmetrical; but they become 
different with large deformations. The length of 
the test piece that is being crushed becomes 
smaller while its cross section increases in order 
to keep the volume constant; the stress needed 
to continue the compression increases; there 
is no contraction and the test piece could be 
crushed almost indefinitely if cracks did not 
appear that bring about breakage. The differ- 
ence is therefore due to geometry. Hence the 
definition of a new stress to get round this (see 
Figure 15.15). 
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i-k I , I 

or £ = — - — = — -1— > — = l + g 
Lq /q Iq 



where cr^ = <t(1 + e) 




Rational Deformation 
(or True Deformation) 



The curves Gr (e) in traction and compression 
cannot be superimposed because a change in 
length A/ does not give identical states of defor- 
mation in both cases. 



For example, if A/ = y, on a 1 = 1,5 /q 



and? = 0,5Zo (:2) 




in traction 



in compression 



Rational Stress (or True Stress) 

S is the true cross section (instant). This way of 
proceeding compensates for the reduction in 
cross section in traction and its increase under 
compression. The curves cannot always be 
superimposed (see Figure 15.16). 

S < So (traction) cr^ > cr (see Figure 15.17) 

However, in traction an adjustment towards the 
€ axis can no longer be seen after contraction (cj^ 
increases until breakage). Knowing a and £, Or 
can be calculated: 

V = cstc — ^ Si = SqIq 
Sq = S— 



If the length is doubled (traction) e = 



2/q — Iq 

h 



= 1 , 



If it is divided by two (compression) 




-0,5. 



Plastic deformation is much greater in com- 
pression than in traction and the two states 
cannot be compared. States can only be com- 
pared by adding elementary deformations end 
to end because at the limit of infinitesimal 
deformations the difference is negligible. 
During an elementary deformation, the defor- 
mation has to be calculated from the length of 
the test piece just before this deformation. 




F So I 

Gr = = CT — 

5o S k 



For the overall deformation, which becomes the 
true deformation, the following is obtained: 
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•dl 



rai 

S/ Lfi (l + e). 



I j ^0 + A/ 

j ~ j ) 

to »0 



e 0.05 0.10 0.15 0.20 0.25 

£r 0.04879 0.09531 0.13976 0.18232 0.22314 

£ 0.30 0.35 0.40 0.45 0.50 

£r 0.26236 0.30010 0.33647 0.37156 0.40457 

For small deformations {£, — £;Gr — a); in cases 
where the length is doubled by traction and 
where the height is reduced by half by com- 
pression, the deformations have different values 
while the true deformations have opposite 
values: 



£ £ 

Traction 1 L„(l + 1) = L„2 = 0.693 
Comprssion - 0.5 L„ (1 - 0.5) = -L„ 2 = -0.693 

Rational Curve 

Curve Gr =/(^r); it has the same course as the 
deformation curve until the contraction 
appears; beyond this, S is taken; so Gr increases 
until breakage. This time, the curves are sym- 
metrical. The true stress enables the forces to be 
analyzed during deformation; but the nominal 
stress is more useful in practice because techni- 
cal specifications are given on the basis of the 
initial dimensions. 



Plastic Deformation Energy 




Figure 15.18 

c? A 



0 t Time 




It is important to know this energy for shaping 
materials: it determines the force of the rollers 
in a steel mill, the pressure of a molding 
machine, etc. 



Rolling, forging, and drawing metals are opera- 
tions which consume energy; the same applies 
to the injection molding of polymers; the work 
performed to change its shape irreversibly is 
plastic deformation energy (see Figure 15.18). 

Its value by unit of volume is the hatched area 
under the deformation curve (the line stops at 
£p because the elastic deformation energy is 
restored on discharge). With the true curve, the 
same value is obtained: 

ar = \(Trder^\~ = -\Fdl = —. 

J J S / V 

AsV = Vo‘,ar =a 



Viscous Deformation 

This is a phenomenon seen in certain materials 
such as polymers. When subjected to a sudden 
stress, polymers undergo sudden deformation, 
followed by a different deformation called 
viscous deformation. There is viscoelasticity and 
viscoplasticity. 

Viscoelastic Deformation 

After suppression of cr, £ becomes nil again. £ = 
£e + £ve- The viscoelastic deformation is only 
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fully achieved after a certain time T - the re- 
laxation time - which manifests itself in the 
rubber-like state. The modulus of elasticity 
therefore depends on the period for which the 



stress is maintained and the speed with which it 
is applied. This is why the period is specified 
E{lOs) = (t)e, measured after the load has been 
applied for 10 s (see Figure 15.19). 

Viscoplastic Deformation 

See Figure 15.20. 

OA = DC = £e = sudden elastic deformation. 
AB, DE = viscoelastic deformation (£ve). 

EF = viscoplastic deformation (e^p); continues 
after removal of the stress at time t+r. 

Viscosity is one of the properties of the liquid 
state: it is responsible for the speed of flow, 
which is slower the higher the coefficient of 
viscosity rj. Flow therefore takes place due to 
the presence of shear stresses. Polymers which 
display this phenomenon have a structure 
typical of the liquid state. 





Tribology of Endoprostheses 

C. Wang and Y. Wang 



This chapter will discuss the problems of tri- 
bology in endoprosthesis. Tribology, defined as 
“the science and technology of interacting sur- 
faces in relative motion and the practices related 
thereto” [1], consists of and stresses three main 
topics: friction, wear, and lubrication. 

Friction In Natural and Artificial 
Human Joints 

Friction 

The phenomenon of friction is defined as the 
tangential resistance as a result of relative 
motion or motion tendency on the surface. The 
well-known laws of dry friction, established by 
Amontons and Coulomb are: 

The force of friction, F, is directly proportional 
to the applied normal load, W, 

The force of friction, F, is independent of the 
apparent area of contact. 

The force of friction, F, is independent of the 
sliding speed, V. 

These laws can be written by the formula 
F = nW{l) 

where /lI is known as the coefficient of friction. 
This formula is still widely used in many engi- 
neering applications. 

Early investigators attributed the force of fric- 
tion to the effort required to cause interlocking 
asperities to ride over each other. These early 
geometrical explanations were inconsistent 
with the concept of energy loss in the friction 
process, since the work done in drawing one 
surface to the tops of the asperities on the 
opposing surface would be recovered when the 



surface subsequently moved into the valleys in 
a non-dissipative system. In addition, when fric- 
tion surfaces are very smooth, the friction co- 
efficient predicted by this theory will be very 
small, which is not consistent with the facts. 
The reason why the friction coefficient between 
smooth surfaces is large is that the molecular 
attractive force between surfaces then will be 
very strong. So, the molecular attractive action 
between surfaces also contributes to the friction 
force. 

Another two factors that contribute to the 
force of friction are: adhesion and deformation. 
The former is associated with the force required 
to shear asperity junctions formed by cold 
welding and the latter with the force required to 
slide the asperities of one surface through or 
over the asperities on the mating surface. As we 
know, real surfaces encountered in engineering 
and bioengineering are rough on a molecular 
scale. When they are in contact, they are not in 
real contact everywhere. As shown in Figure 
16.1, only a very small fraction of nominal 
contact area is the real area of contact. The 
softer the surface material, the greater the real 
area of contact. Since the real area of contact 
between friction surfaces is very small, the pres- 
sure acting on the real contacting area can be 
very high. Under the action of this high pres- 
sure, contacting materials will adhere together 
as shown in Figure 16.2a. This phenomenon 
is called cold welding. When surfaces in cold 
welding move relatively, junctions formed by 
cold welding must be sheared. This shearing 
force comprises part of the friction force. 

Adhesion is sometimes referred to as the mol- 
ecular component of friction, and deformation 
as the mechanical or ploughing component 
shown in Figure 16.2b, where F stands for the 
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b 




Ar 




\ 



Figure 16.1. The real area of contact between friction surfaces. 




Figure 16.2. Cold welding and ploughing in real contact areas. 



normal load, and V stands for the relative veloc- 
ity. Adhesion normally dominates the friction 
between metals, particularly if they are of 
similar microstructure, compositions, and hard- 
ness, but the deformation component can be a 
major factor when a rough, hard material like 
metal slides over a much softer material like 
plastic. 

The concept of adhesion in relation to fric- 
tion was first proposed by Desaguliers, but 



Bowden and Tabor established the whole theory. 
The adhesion force can be expressed simply as 

F = ArTi, ( 2 ) 

where is the real area of contact between the 
solids, and the shear stress of the softer mate- 
rial. Therefore, if the shear stress of the softer 
material can be lowered in some way, for 
example by using plastics as the surface mater- 
ial, the friction force will be reduced. This 
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concept leads to the appearance of low- friction, 
Charnley-type artificial hip joints. 

The calculation of deformation friction force 
is more complex and should be conducted with 
a particular geometry model, but this compo- 
nent is relatively small in most cases. Friction 
between clean metals can be of an extremely 
high degree, but the presence of an oxide film 
reduces this considerably by reducing the value 
of Further reduction in friction is afforded by 
the lubricant of surface-active molecules, such 
as fatty acids, which further reduce the shear 
stress of the contacts. In the case of a metal 
sliding on a plastic, the lubricant often has little 
effect on friction because of the low contact 
shear stress, even in dry conditions. 

Friction in Natural Human Joints 

Joints are friction pairs working in the human 
body. The friction coefficient of a natural hip 
joint is very low, only about 0.001 ~ 0.03, due to 
the important role of articular cartilage. In the 
middle of a natural hip joint the thickness of 
articular cartilage is about 4~7mm, and the 
thickness of articular cartilage will decrease 
correspondingly in the boundary of the joint. 
The matrix of articular cartilage is bone glue 
sulphate. Around the matrix is filled with a 3D 
network of collagen fibers and some tissue fluid. 
Some compositions of the fluid are conjoined 
with fiber structure, but most compositions are 
retained in gaps between fibers. Cartilage struc- 
ture will be compressed when loaded and will 
expand when unloaded. This will cause squeez- 
ing and intake of fluid. The changing rate of the 
process determines the variation of cartilage 
thickness with time and has great importance to 
joint lubrication. The average gap size of carti- 
lage is 60 A. 

The synovial fluid in the joint capsule is a 
permeable fluid of plasma [2]. It is filled with 
mucoprotein acid and some small-size, cell-like 
composition. The synovial fluid is a non- 
Newtonian fluid. Under pressure, since fluid 
compositions will penetrate into articular carti- 
lage, the concentrated synovial fluid in the car- 
tilage surface will become a layer of gel 
composed mainly of mucoprotein acid, which 
acts as a boundary lubricant film in joint 



motion. In a normal walking cycle, the lower 
limb of a person will experience two different 
situations, i.e., stance phase and swing phase. 
The loads on hips and knees during walking 
often vary in such a way that high loads combine 
with low surface-entraining velocities; low 
loads, in general, coincide with higher entrain- 
ing velocities. Natural human joints will 
undergo different lubrication states in different 
conditions. Since the lubrication mechanism in 
natural human joints is very complex, it is not 
proper to apply general engineering lubrication 
models in this case. It is generally believed that 
the good lubrication states of natural human 
joints are relative to the pumping-in and 
pumping-out mechanism of synovial fluid in 
the cartilage. 

Friction in Artificial Joints 

Joint function might be damaged by certain 
disease or trauma. One restorable treatment for 
that is the use of an artificial joint. When an arti- 
ficial joint is implanted, the surgeon needs to 
have the primary intention of restoring the 
architecture of the joint and thereby facilitating 
the motion and providing the necessary stabil- 
ity. However, the medical doctor ought to be 
aware that if he can reduce the friction between 
the two components, then he will reduce the 
shear stresses in bone-cement or bone- 
prosthesis interfaces. This would extend the 
useful life of a prosthesis in the patient. Friction 
in artificial joints can be divided into two states: 
film-separated friction and boundary friction. 
The former is actually a fully lubricated state 
and will be discussed later. Here we discuss 
boundary friction only. 

The magnitude of the frictional forces in arti- 
ficial joints depends on several factors. The 
material combination, the existence of a lubri- 
cant, surface roughness, and the loads acting in 
the joint are all very important. Experiments 
have indicated that the friction coefficient of 
metal-metal prostheses is about three times 
of that of metal-plastic prostheses. The origins 
of friction resistance in metal-metal prostheses 
are multiple. Since, in metal-metal prostheses, 
both of the components are made of the same 
material and they are of similar microstructure. 
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compositions, and hardness, they have a greater 
tendency to adhere to each other. In some cases, 
the strength of the interface bond is so high that 
when relative motion at the surface occurs, the 
underlying structure of the material fails rather 
than the interface adhesion. Once a piece of 
material has been torn from one component 
and firmly attached to the other, it causes abra- 
sive damage which will increase the friction 
force further. With human synovial fluid as a 
lubricant, friction resistance in metal-metal 
prostheses will decrease to some degree. 

Lubrication in Artificial Joints 

Lubrication Mechanism 

Lubrication is a process by which the friction 
and wear between two solid surfaces in relative 
motion is reduced significantly by interposing a 
lubricant between them. The role of lubrication 
is to separate the moving surfaces with a film of 
solid, liquid, or gaseous material that can be 
sheared with low resistance without causing any 
damage to the surfaces. According to the lubri- 
cation film thickness and contacting situation in 
the interface, lubrication models can be classi- 
fied as boundary lubrication and film lubrica- 
tion. In boundary lubrication, there is a 
considerable asperity interaction between the 
contacting solid surfaces. The friction under 
boundary lubrication is due partly to shear in 
the lubricant and partly to shear in the asperity 
contacts. There are two kinds of film lubrication 
models in artificial joints: hydrodynamic lubri- 
cation and elastohydrodynamic lubrication 
(EHL). 



Boundary lubrication occurs in the later stage 
of the stance phase. The boundary lubrication 
model is illustrated in Figure 16.3. The thick- 
ness of lubrication film at this time is near 
the molecular chain length of mucoprotein 
acid (5,000 -10,000 A). Under pressure, the 
liquid composition of the synovial fluid is 
squeezed out largely and the mucoprotein acid 
becomes a boundary lubricant, which sep- 
arates two joint surfaces. The process will not 
end until the beginning of the swing phase 
when two joint surfaces are separated again 
by the hydrodynamic lubrication mechanism 
stated below. 

Hydrodynamic lubrication is based on the 
formation of a thick lubricant film of character- 
istic geometric profile that develops automati- 
cally between opposing solid surfaces having 
relative motion to each other. 

Hydrodynamic lubrication can be further 
divided into two types: 

Shearing film lubrication: This is generated by 
the relative shearing motion between joint sur- 
faces and occurs in the swing phase. The shear- 
ing film lubrication model is illustrated in 
Figure 16.4, where Vi represents the velocity of 
the inlet, Vo stands for the velocity of the outlet, 
and V stands for the velocity of the moving 
surface. The characteristic geometric profile in 
shearing film lubrication resembles a converg- 
ing wedge having maximum thickness at its 
inlet and minimum thickness at its outlet. Com- 
pared with the strength of the mating materials 
the hydrodynamic pressure is low and will 
not cause appreciable local deformation. The 
loading capacity of hydrodynamic lubrication 
depends mainly on the lubricant viscosity and 
the relative speed of the moving surfaces. 
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Because the joint in the swing phase is in an 
unloaded state and the relative motion speed 
between the surfaces is great, the thickness of 
the hydrodynamic lubrication film is relatively 
large. 

Squeezing film lubrication: This is the main 
lubrication state of human joints, and occurs 
over a long period after the beginning of the 
stance phase. The squeezing film lubrication 
model is illustrated in Figure 16.5, where Vo 
stands for the velocity of outlet, and V stands for 
the vertical velocity of the moving surface. 
Because joint load at that time is large and the 
shearing hydrodynamic lubrication effect is 
very small, the load is borne mainly by the 
squeezing film. 

Elastohydrodynamic lubrication (EHL) applies 
to hydrodynamic conditions where surface 
deformation is comparable with the hydrody- 
namic film thickness and surface deformation 
affects the hydrodynamic behavior of the inter- 
face. The most prominent example of EHL is the 
Hertzian contact in rolling-element bearings, 
gears, and cams, in which the contact areas are 
typically one-thousandth those occurring in 
journal bearings. The heavy loads cause local 
elastic deformation of the mating surfaces, 
which provides a coherent hydrodynamic film 
and avoids asperity interaction. In joint lubrica- 
tion, since the elastic modulus of cartilage or 
polymer is relatively low, local elastic deforma- 
tion is high even in ball-and-socket contacts. 




Figure 16.5. Squeezing film lubrication model. 

Therefore, EHL is the main lubrication model in 
joint lubrication. 

In the walking cycle, joint surfaces will 
undergo the above three lubrication states 
repeatedly. The complete process cycle is from a 
totally separated state, when the joint cartilage 
is fully filled with synovial fluid to the bound- 
ary lubrication stage. In this case, the squeezing 
film is the main reason why joint surfaces have 
low friction coefficients. 

EHL Analysis of Artificial Joints 

Since the joint load and relative speed between 
joint surfaces are changing continuously when a 
human moves, the thickness of the lubrication 
film in the joint is not constant. The variation 
curve of film thickness with time in a walking 
cycle is shown in Figure 16.6 [3]. The results 
indicate that when a human is walking, the 
lubrication states of the joint are changing in the 
walking cycle. 

In the above curve, the part concerned most 
is the squeezing film lubrication stage. This part 
of the curve was calculated in detail in reference 
[4], and the influence of different parameters 
upon film thickness was also analyzed accord- 
ing to the calculation results. 

The above results were all obtained on condi- 
tion that the synovial fluid is a Newtonian fluid. 
The influence of non-Newtonian properties 
upon joint lubrication was investigated in refer- 
ence [5]. The results indicated that non- 
Newtonian properties would cause film thick- 
ness to increase to some degree and that taking 
the squeezing term into account, under 
unsteady conditions, artificial hip joints would 
be in the EHL state largely in a walking cycle. 
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The influence of different parameters can be 
analyzed by the above calculation method: 

Diameter of sphere head D: The calculation 
results indicated that the thickness of the EHL 
film would increase with greater D. 

Radial clearance C: The smaller C, the greater R. 
Therefore the head and socket should have an 
accurate fit with small clearance. 

Elastic modulus of acetabular cup material E: 
The smaller the elastic modulus, the greater the 
thickness of the EHL film. This demonstrates 
at the same time that a low value of elastic 
modulus of natural joints plays an important 
role in increasing film thickness. 

Period of walking cycle: According to the 
dynamic analysis of joint lubrication state, the 
shorter the time needed for a step, the bigger 
the film thickness. From this point of view, 
patients who had replaced artificial joints 
should walk quickly in short steps rather than 
the normal walking habit. 

Body weight of a patient: The greater the body 
weight of a patient, the smaller the thickness of 
the EHL film. Therefore, a large sphere head 
should be used for this kind of patient. 

Viscosity of synovial fluid rj: The greater 7], the 
greater the thickness of the EHL film. They 
are linear in relation. In common cases the 
joint capsule is not retained after artificial 
joint replacement. Joint lubrication relies on 




Figure 16.7. The relation curve of friction work and diameter of 
sphere head. 



tissue fluid and the viscosity of tissue fluid is 
low. 

Although a greater diameter of the sphere head 
can increase the thickness of the EHL film, it 
forms a greater frictional torque in the subse- 
quent boundary lubrication stage. A smaller 
diameter of sphere head will reduce frictional 
torque in the boundary lubrication stage, but it 
will also reduce the thickness of the EHL film. So 
there exists an optimal diameter of the sphere 
head, which will make an artificial joint produce 
the minimum frictional work overall. The rela- 
tion curve of the friction work done in a walking 
cycle and the diameter of the sphere head is 
illustrated in Figure 16.7 [6]. The results indicate 
that there is a range for the value of D (about 
30-35 mm) in which frictional work is greater 
than in other ranges. It was also verified by 
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experiments that the wear volume of Muller arti- 
ficial joints (D = 32 mm) was greater than Charn- 
ley artificial joints (D = 22 mm). Therefore, in 
design the value of D should be less than 30 mm. 

WearofArtifidal Joints 

Basic Principle of Wear 

The phenomenon of wear is defined as the pro- 
gressive loss of substance from the operating 
surface of a body occurring as a result of rela- 
tive motion at the surface [6]. A common feature 
of the wear life of most engineering components 
is that only a relatively small percentage of the 
volume or weight needs to be removed before 
correct functioning is impaired. Wear is the 
main cause of element failure in most cases. 
However, wear is not always unfavorable and 
many processes such as walking, polishing, and 
writing with a pencil rely on wear. 

There are five main types of wear. 

Adhesive wear: Adhesive wear processes are 
initiated by the interfacial adhesive junctions 
which will form if solid materials are in contact 
on an atomic scale. When a normal load is 
applied, the local pressure at the asperities 
becomes extremely high. In some cases, the 
yield stress is exceeded, and the asperities 
deform plastically until the real area of contact 
has increased sufficiently to support the applied 
load. In the absence of surface films, the surfaces 
would adhere together, but very small amounts 
of contaminant may minimize or even prevent 
adhesion. Continued sliding causes the junc- 
tions to be sheared and new junctions to be 
formed. The chain of events that leads to the 
generation of wear particles includes the adhe- 
sion and fracture of the mating surfaces. 

Abrasive wear: Abrasive wear may be described 
as the damage to a surface by a harder material. 
There are two general situations in which this 
type of wear occurs. In the first case, the hard 
surface is the harder of the two rubbing sur- 
faces, for example, in grinding, cutting, and 
filing. In the second case, the hard surface is a 
third body, generally a small particle of wear, 
caught between the two other surfaces and very 



hard. In the abrasive wear process, asperities of 
the harder surface press into the softer surface, 
with plastic flow of the softer surface. When 
there is a relative motion between the two sur- 
faces, the hard surface removes the softer mate- 
rial by the combined effects of microploughing, 
microcutting, and microcracking. 

Fatigue wear: In practice, all machines involve 
the periodic variations in stress. A rotating shaft 
will be subjected to reversal of bending stress, 
the race of a rolling contact bearing and the 
surface of a roller will experience continual 
application and release of hertzian stress, and 
the journal surface in a hydrodynamic- 
lubricated sliding bearing will experience 
repeating stresses because of shaft rotating. All 
these repeating stresses in a rolling or sliding 
contact can give rise to fatigue failure. These 
effects are mainly based on the action of stresses 
in or below the surfaces without needing a 
direct physical contact of the surfaces under 
consideration. Subsurface-fatigue and surface- 
fatigue wears are the dominant failure models in 
rolling bearings. 

Corrosive wear: The wear due to adhesion, abra- 
sion, and fatigue can be explained in terms of 
stress interactions and deformation properties 
of the mating surfaces, but in corrosive wear, the 
dynamic interaction between environment and 
mating material surfaces plays an important 
role. If the two surfaces react actively with the 
environment, the rubbing of surfaces together 
in such an environment results in the con- 
tinuous formation and removal of reaction 
products. Since the material of the contacting 
surfaces is in the reaction products, the mater- 
ial is being removed from the surfaces. 

The corrosive wear process has two main steps: 

In the first step, the contacting surfaces react 
with the environment, and reaction products 
are formed on the surface. 

In the second step, attrition of the reaction 
products occurs as a result of crack formation 
and abrasion in the contact interactions of 
the materials. 

Clearly, in attempts to study the mechanism of 
corrosive wear, besides the effects of deforma- 
tion and adhesion, the chemistry of the reaction 
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product formation must also be considered, 
taking into account the contribution of fric- 
tional energy in these processes. 

Another form of wear is fretting wear, which 
will be discussed in a later section. 

Wear of Artificial Joints 

The wear areas in an artificial hip joint are: the 
interface between the artificial femoral head 
and acetabular cup, the fixing interface of the 
prosthesis, and the mating surfaces of com- 
pound prostheses. 

The interface between the artificial femoral 
head and acetabular cup is the main wear area 
in an artificial hip joint. It was reported that the 
wear rate of Charnley artificial joints (D = 
22 mm) was 0.1mm~0.2mm per year [6]. The 
wear rate of Muller artificial joints (D = 32 mm) 
was 0.05 mm, 0.06 mm, and 0.08 mm respectively 
when artificial acetabular cups were made from 
polyethylene and the artificial femoral head was 
made from Co-Cr-Mo alloy, stainless steel, or 
titanium alloy. Wear limits the life of an artifi- 
cial hip joint, which is usually 20 years. Wear 
also limits the youngest age of a patient who eli- 
gible for artificial joint replacement, which is 
usually 50 years. It is an important aifn of arti- 
ficial joint engineering to lower the age at which 
patients become eligible for joint replacements. 

Joint surface wear could result in tissue reac- 
tion of the whole body. Investigations after 
surgery indicated that after titanium femoral 
head replacements, large areas of a patient’s hip 
might appear black and overdue amounts of 
titanium element were found in composition 
analysis of his hair. In recent years, polyethylene 
particles were found in pelvic lymphatic glands, 
which indicated that wear particles might result 
in immune reaction of the whole body. 

Diameters of wear particles vary for different 
materials. For polyethylene, the average diame- 
ter is 0.53 ± 0.3 ^m, and the diameter of 92% of 
wear particles are less than 1 jam. For metal, the 
size of wear particles are in the range 0.8~1.0 
^ 1.5~1.8/im. Since Co-Cr-Mo alloy has greater 
hardness and its wear particles are small. For 
titanium-polyethylene artificial hip joints, both 
titanium and polyethylene wear particles are 
not only large in quantity but also large in size. 



At the same time, bone cement particles are 
commonly found near prostheses. These wear 
particles are absorbed by tissue near the pros- 
thesis and a membrane of connective tissue is 
formed. After histologic study of the membrane, 
it is found that under stimulation of foreign 
wear particles, giant cells and macrophages 
would phagocytize wear particles. Fiber tissue 
matrix, macrophages, and foreign giant cells 
form a film of membrane. Wear particles are dis- 
tributed largely in the matrix and the above 
cells. Although the mechanism of formation is 
not yet clear, it is certain that the phenomenon 
would result in bone solution and loosening 
of prostheses. There are three main kinds of 
mechanism of wear particle formation: adhe- 
sion action, plough action, and fatigue. Involve- 
ment of wear particles might also bring in the 
fourth kind of wear, i.e., abrasive wear. 

Measures for reducing wear in the interface 
between the artificial femoral head and ace- 
tabular cup are as follows: 

Reduce roughness of the artificial femoral head 
to the magnitude of nanometers, which will 
reduce plough wear greatly. 

Use modified polyethylene, such as carbon 
fiber-reinforced polyethylene. 

Use metal-metal and ceramic-ceramic joint 
mating surfaces. This is a new idea after the phe- 
nomenon that wear particles might result in 
bone solution was found. Muller observed the 
wear rate of metal-metal joint mating surfaces 
and found that it was only 1/40 of that of 
metal-polyethylene joint mating surfaces. 

Use permeable materials. Materials of good 
permeability are beneficial to the formation of 
boundary lubrication films in the human body, 
which is conducive to lower wear. Ceramic 
materials are obviously better than metallic 
materials in this respect. 

In recent years, more and more attention has 
been paid to the fact that the disinfection 
method of a polyethylene prosthesis has an 
influence upon its strength and wear rate. The 
usually used y-ray disinfecting method might 
cause polyethylene to oxygenolyse, lower mole- 
cular weight, accelerate aging, and raise wear 
rate, because the free radical released in y-ray 
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irradiation would remain in the material for a 
longer time and gradually react with oxygen. 
The results of Filscher’s study indicated that the 
wear rates of y-ray disinfected polyethylene and 
undisinfected polyethylene were >20 and <10, 
respectively. 

There are two interfaces when fixed by bone 
cement, i.e., bone cement-prosthesis and bone 
cement-bone. There is only one interface when 
fixed by biotic surfaces, i.e., natural bone- 
prosthesis. 

No matter what kind of interface, the joining 
mechanism of the interface is mechanical 
joining, such as the inter-embedding of surface 
asperities and the ingrowth of bone cells into 
surface pores. Bone cement has no adhesive 
capacity. Because of the difference in elastic 
moduli of the different materials, fretting wear 
takes place at the interface when loaded. A pol- 
ishing phenomenon could be observed in some 
areas of the joint shank which was removed in 
a second surgery. The micro motion between 
prosthesis and natural bone would impede the 
ingrowth of bone cells. The porous surface of 
a joint shank could be obtained by spraying 
hydroxyapatite or sintering microspheres, tita- 
nium fibers, and biotic ceramics. Removal of 
material in fretting wear, three-body wear in 
interfacial gaps, the membrane formed by inva- 
sive wear particles, and bone solution would 
finally destroy the fixing interface and make the 
prosthesis loosen. 

In artificial hip joints, mating surfaces refer 
mainly to the mating surface between the sphere 
head and the conical mating surface of a joint 
shank, and the joining surface between the back 
of a polyethylene acetabular cup and its enve- 
lope. Some products may have a metallic cup 
frame to form a biotic interface between the 
prosthesis and acetabular cup. 

In the mating surface between the sphere 
head and the conical mating surface of a joint 
shank, electrochemical wear might also take 
place besides fretting wear because of the pen- 
etration of tissue fluid. Research results indi- 
cated that the possibility of wear was less 
than 6% when both parts were made from 
Co-Cr-Mo alloy. The possibility of wear was 
less than 10% when both parts were made from 
titanium alloy and the possibility of wear was 



greater than 30% when the two parts were 
made from different materials. As a rule of joint 
design, as few mating surfaces as possible 
should be used and interfaces of different mate- 
rials should be avoided if possible. The fitting 
degree of acetabular cups and their envelope has 
great influence upon the wear rate of the inter- 
face. It is usually less than 70% and depends 
upon the manufacturing quality and system 
deformation. To guarantee the fitting degree in 
deformed conditions, the outer surface of the 
acetabular cup and the inner surface of the 
envelope should be modified geometrically. 
Many anti-fretting wear design structures have 
been adopted in product design. 

Fretting Wear 

Fretting wear is a typical compound wear, it 
occurs in situations where there is a confined 
space or relative micro-motion between compo- 
nents. In an artificial joint there are several 
interfaces where fretting wear might take 
place, for example, metal/cement interface, 
implant/coating interface, coating/substrate 
interface, coating/bone interface, cement/bone 
interface, and implant/bone interface [7]. Water- 
house observed some examples of fretting 
fatigue failures of metallic components in the 
human body. These failures were the result of 
the corrosive conditions produced by body 
fluids. The bone plates are used to fix fractured 
bones and are screwed into the bone. Failure 
occurred as a result of fretting between the 
underside of the screw-head and the counter- 
sink of the hole. Also, in total hip replacements, 
removal of the lesser trochanter enables the 
surgeon to have better access. When the lesser 
trochanter is replaced on completion of the 
operation it is customary to attach the bone by 
wiring it around the stem of the femoral com- 
ponent. Fretting at this contact has initiated 
fatigue failure of the latter. 

In some of these implant devices, metal-to- 
metal contacts (for example, screws and bone 
plates) could suffer fretting owing to the activ- 
ity of the patient. It is found that the corrosion 
current increased linearly with the amplitude of 
the slip at a fixed frequency in potentiostatic 
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experiments. It was also linearly related to fre- 
quency at a fixed amplitude. 

Mechanisms of fretting wear in metal/metal 
interfaces have been investigated and explained 
by a number of investigators. A commonly 
accepted view is that the first stage of fretting is 
adhesive contact of the asperities on opposing 
contact surfaces. These adhesive contacts are 
important, as they are often thought to be the 
mechanism by which the majority of the cracks 
are nucleated. After this stage several things may 
occur: breakage of the asperities, which cause 
the production of fretting debris, oxidation/cor- 
rosion of “fresh surface” and/or debris. Cracks 
that nucleate may propagate at various rates and 
angles to the contacting surfaces and cause pre- 
mature fatigue failure. 

Fretting wear in artificial joints may result in 
the following forms of damage: 

the host body may become infected by the debris, 

cracks may form from the conjoint action of 
fretting fatigue that may lead to component 
integrity problems, 

implants may become loose. 

Fretting wear is induced by micro-motion in 
contacting surfaces. Therefore, any causes of 
micro -motion may produce fretting wear. The 
typical causes of micro-motion are as follows: 

Tangential shearing force: Micro-motion will 
arise in a Hertzian contact, when a monotoni- 
cally increasing or cyclically varying shearing 
force, less than that necessary to cause complete 
sliding, is applied. 

Elastic mismatch: If contacting components are 
of a different modulus of elasticity, the applica- 
tion of a normal load alone will cause surface 
particles within the contact patch to displace 
laterally by different amounts [8]. 

Geometry reason: For example, if the contact 
is conforming, then, even under conditions of 
elastic similarity, it will be found that surface 
particles will displace tangentially by different 
amounts, because a formulation for a disc and 
for an infinite plane containing a hole must be 
used for the contacting elements. 

It is difficult to overcome fretting wear com- 
pletely at present because its mechanism has not 



been established. On the basis of recent studies, 
however, we can take measures from the follow- 
ing aspects to reduce fretting wear: 

Design: The most effective way in design is to 
reduce interfaces between components; that is, 
as few as possible components should be used. 
Reducing the combined normal and tangential 
stress on the contacting surface is also benefi- 
cial to lowering fretting wear. In addition, 
proper fit of prostheses in bone is also very 
important. For this purpose, CAD/CAM tech- 
nology has been used to make custom 
prostheses. 

Materials: The most important factor in reduc- 
ing fretting wear of artificial joints is to use 
materials of low elastic modulus. In this way, the 
elastic modulus of prosthesis materials should 
be close to that of natural bones. Therefore, tita- 
nium alloy is better than steel in this respect. 
In addition, materials of high hardness, high 
resilience, high heat conductivity, and high 
resistance against adhesion are beneficial to 
lowering fretting wear. 

Surface treatment: Effective surface treatments 
for reducing fretting wear of artificial joints are 
ion implantation and ion nitriding. In addition, 
residual stresses in contacting surfaces are also 
beneficial to lowering fretting wear. 

Conclusion 

An artificial joint is a friction pair in the human 
body. Its design is a typical tribology design and 
would involve some key problems like friction, 
lubrication, and wear life of joints; joint loosen- 
ing after surgery and so on. Since an artificial 
joint operates in the environment of a human 
body, many of its tribological performances 
are influenced greatly in the area of life science. 
Therefore, it is one of the focused research 
objects of interdiscipline - biotribology. 
Research in biotic material, tissue engineering, 
and so on are still in their beginning stages. 
Developments in the research of prosthesis 
CAD/CAM, virtual surgery, etc. are very rapid. 
A new subject - prosthesis engineering - is 
being formed gradually both in academic 
systems and methodology systems. It will 
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certainly play an important role in the twenty- 

first century. 
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Shape Memory Alloys and their Medical Application 

K. Dai and C. Q. Ning 



Introduction 

Shape memory alloys (SMA) are a novel kind 
of metallic materials which have the ability to 
return to their previously defined shape when 
subjected to some appropriate thermal proce- 
dure. Due to such functional properties, and in 
particular the shape memory effect (SME) and 
superelasticity (SE), shape memory alloys have 
attracted much attention in recent years. It was 
Chang and Read who first observed the unique 
memory effect of shape memory alloys in Au- 
47.5 at % Cd alloy early in 1951 [1]. But it was 
not until 1963 when Buehler and his co-workers 
[2] rediscovered the SME in equiatomic Ni-Ti 
that SMAs actually began to cause a great deal 
of commercial interest, especially after they 
were widely put into use in the field of medicine 
[3-5]. Although quite a number of alloys are 
known to show shape memory behavior, only 
those that could generate substantial amounts 
of strain or could generate significant force 
upon the changing shape so as to make it 
recover are of commercial value. In the medical 
field, the family of Ni-Ti alloys is the most 
popular one that has been widely put into 
medical use because of its good biocompatibil- 
ity, substantial resistance to corrosion and 
fatigue, and the fact that its elastic modulus is 
quite close to that of human bone. In some 
cases, Ni or Ti (only a few per cent) in Ni-Ti 
alloys can be partially replaced by Cu, Co, Fe, 
Nb, or Mo to improve the hysteresis (stress 
and/or temperature hysteresis), corrosion 
behavior, control of transformation tempera- 
tures, fatigue behavior, etc [6]. 



Martensitic Transformation 

The functional properties of shape memory 
alloys are closely related to a solid-solid phase 
transformation named Martensitic transforma- 
tion. For many metallic materials, as their 
cooling speed reaches a certain extent, they will 
undergo a phase transformation in their crystal 
structure while cooled from a high temperature 
form (Austenite) to a low temperature form 
(Martensite). This procedure is known as 
Martensitic transformation, which is a non- 
diffusion phase transformation. The transfor- 
mation from Martensite to Austenite upon 
heating is known as the reverse transformation. 
The characteristic transformation temperatures 
are defined as follows [7]: 

Ms Temperature: The temperature at which a 
shape memory alloy starts transforming to 
Martensite upon cooling. 

Mp Temperature: The temperature at which a 
shape memory alloy is about 50% transformed 
to Martensite upon cooling. 

Mf Temperature: The temperature at which a 
shape memory alloy finishes transforming to 
Martensite upon cooling. 

As Temperature: The temperature at which a 
shape memory alloy starts transforming to 
Austenite upon heating. 

Ap Temperature: The temperature at which a 
shape memory alloy is about 50% transformed 
to Austenite upon heating. 

Af Temperature: The temperature at which a 
shape memory alloy finishes transforming to 
Austenite upon heating. 

These transformation temperatures can be 
adjusted by slightly changing the alloy compo- 
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Figure 17.1. Schematic representation of the volume transformed as 
a function of the temperature. 

sitions or by thermo -mechanical treatment. 
Usually, the illustration of the Martensitic trans- 
formation and its reverse transformation is 
shown as Figure 17.1 [ 6 ]. 

According to its characteristics, Martensite 
transformation can be classified into two types 
- thermoelastic Martensite transformation and 
non-thermoelastic Martensite transformation. 
What distinguishes shape memory alloys from 
conventional materials is none other than their 
ability to form thermo elastic Martensite. 
During the process of thermoelastic Martensite 
transformation, while below the transformation 
temperature, the deformation of the shape 
memory alloy is caused by simply adjusting the 
orientation of the crystal structure through the 
movement of twin boundaries (a twinning 
mechanism), instead of slipping and dislocation 
movement. In other words, the shape change 
resulting from Martensitic transformation can 
be accommodated by a crystal lattice distortion, 
and the boundary between Martensite and the 
parent phase can be driven by slight changes of 
the temperature or stress. That is to say, ther- 
moelastic Martensite is completely crystallo- 
graphically reversible. Whereas on the contrary, 
the growth rate of the non-thermoelastic 
Martensite is so quick because of the larger 
driving force from Martensite transformation 
that the boundary between Martensite and the 
parent phase is destroyed during the transfor- 



mation, which results in an irreversible parent- 
Martensite boundary. 

The Martensite transformation occurs not 
at a single temperature but within a range of 
temperatures (as shown in Figure 17.1), which 
varies according to different alloy composition 
and microstructure constitution, the latter 
being determined mainly by the thermome- 
chanical treatments. Since the phase transfor- 
mation temperatures during heating and 
cooling do not overlap, a temperature hysteresis 
appears, which also varies according to different 
alloy systems. This temperature hysteresis is 
generally illustrated as the difference between Af 
and M 5 (i.e., AT = Af - Ms) or the difference 
between Ap and Mp (i.e., AT = Ap- Mp). 

Functional Properties 

Shape Memory Effect 

Usually, under external forces, a common metal- 
lic material deforms elastically first, then plastic 
deformation occurs after its yield point, and 
finally, even if the force is removed, the perma- 
nent deformation will be reserved. But for some 
other alloys, even when a plastic deformation 
occurrs, they can still return to their original 
shapes after being heated up to a certain tem- 
perature. Such a shape recovery phenomenon is 
called the Shape Memory Effect (SME), which is 
due to the Martensitic transformation in these 
alloys. When an alloy with a given shape cools 
from the Austenite form to the Martensite form, 
it is easily deformed to a new shape (the restric- 
tion is that the deformations must not exceed a 
certain level), but if the same alloy is heated up 
to its transformation temperature, it will recover 
its previous shape due to the reversible reverse 
transformation. 

After being deformed. Martensite can recover 
its parent shape via reverse transformation. 
This effect is called the one-way memory effect 
(Figure 17.2 (a)). After given proper training, 
some alloys can memorize to return to not only 
the parent shape during heating, but also the 
deformed Martensite shape during re-cooling. 
This effect is called the two-way memory effect 
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Figure 17.2. Schematic representation of one-way a and two-way b memory effects. 



(Figure 17.2 (b)). The latter can be obtained only 
after a specific thermomechanical treatment, 
which is usually called “training”. The amount 
of shape change that can be obtained by the 
two-way memory effect is always significantly 
less than that by the one-way memory effect. 

Generally, the shape memory effect can be 
expressed by the shape recovery ratio (i.e., ?]). If 
the initial shape of the alloy in Austenite form is 
Iq (expressed as length), the shape of deformed 
Martensite (e.g., tension) is /i, and the shape 
after reverse transformation at high tempera- 
ture is / 2 , the rj can be expressed as [8]: 

ri{%) = (k-l2)l(h-k)xl00% 

Superelasticity 

Superelasticity, as the name implies, refers to a 
phenomenon that the alloy can exhibit strain far 
beyond its elastic limit upon loading, whereas 
once the stress is removed, the original strain 
will be returned completely. According to the 
characteristics of the stress-strain curves, the 
superelasticity can be classified into two types: 
linear and non-linear superelasticity. The latter 
is caused by a stress that occurs during a loading 
and unloading process, which leads to Marten- 
sitic transformation and its reverse transforma- 




Flgure 17.3. Two kinds of superelastic behavior at constant 
temperature. 



tion at a temperature range above Af. The former 
is probably related to the contribution of micro- 
twins to the deformation. The two kinds of 
superelastic behavior are shown in Figure 17.3. 
As for the non-linear superelasticity, when the 
stress reaches a critical level, the alloy will start 
to transform into Martensite, accompanied by 
an increasing strain at constant stress until the 
alloy is fully transformed into Martensite (see 
Segment A to B in Figure 17.3). When the stress 
is removed, the reverse transformation will 
occur at a lower stress level (see Segment C to D 
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in Figure 17.3). The SME described above 
depends on temperature changes. In contrast, 
the superelastic effect of shape memory alloys is 
a kind of isothermal phenomenon and the tem- 
perature changes are not necessary. The critical 
stresses are dependent on the alloy itself and 
its temperature. In general, the stress levels 
increase linearly with increasing temperatures 
[6]. Reversible strain obtained by the superelas- 
tic effect is always up to 8%, which is 10-20 
times higher than the normal elastic strain of 
conventional metallic materials. As shown in 
Figure 17.3, the stress upon loading and unload- 
ing does not overlap and shows a hysteresis as 
well. 

High Damping Capacity 

The shape memory alloys have a high damping 
capacity in the Martensite state or two-phase 
state. The high damping capacity of SMA is 
related to the hysteretic movement on interfaces 
(Martensite variants interfaces, twin planes, 
parent-Martensite interfaces) whereas a contri- 
bution of dislocations is not excluded [5]. 

Applications 

Shape memory alloys have now been widely 
used in many fields of industry such as fasten- 
ers, actuators, satellite antenna, and decorations, 
etc. This chapter only introduces several exam- 
ples of shape memory alloy products applied in 
medical fields. 

Application of the Shape Memory Effect 

Free Recovery: This refers to the memory effect 
that after an SMA component is deformed in the 
Martensitic state, the component can recover 
its previous shape upon heating without any 
restrictions. A prime application of this kind of 
SME is the blood- clot filter developed by Simon 
[9]. It is made from Ni-Ti wire. After being 
chilled to make it collapse, the filter is inserted 
into the vein, and the temperature of body heat 
is high enough to help it return to its previous 
functional shape, enabling it to anchor itself in 
a vein and catch passing clots. 



Constrained Recovery: If a deformed shape 
memory alloy or its components are subjected 
to an external constraint during the heating 
process, it will induce a recovery force, which is 
a function of the temperature, and varies with 
the constraint strain. The larger the constraint 
strain becomes, the greater the recovery force 
will be. This recovery force can be used for the 
purpose of clamping, fixation, or stiffening. In 
biomedical fields there are many such products: 
dental root implants, stents, and fixators for 
bone fractures. The shape memory compression 
staple will be described as an example here: the 
staple was designed by Dai and it is the first SMA 
device used inside the human body [10,11]. It is 
U-shaped, having two straight legs connected by 
a transverse wave-like segment with angles of 
70° (Figure 17.4 (a)). At low temperature, i.e., 
below 4°C, the wavy segment is expanded to 
increase the length. At the same time, the 
included angles are expanded from 70° to 90° to 
elongate the span between the ends of the legs 
(Figure 17.4 (b)). After the fracture is reduced, 
the expanded staple is placed across the fracture 
line by inserting the two legs into the holes pre- 
pared in the proximal and distal fracture frag- 
ments respectively. When the local temperature 
is raised by hot compresses with hot saline 
gauze, the staple(s) will tend to restore its origi- 
nal shape but at the same time being constrained 
by the walls of the holes so that they will gener- 
ate a constrained recovery force on both side of 
the fracture line to hold the fracture fragments 
in place, exerting sustained compression on the 
fracture and resisting muscular pull (Figure 17.4 
(c) and (d)). The compression force will be sig- 
nificantly decreased if the distance between the 
two holes is not wide enough. 

By the same mechanism, the inner diameter 
of the shape memory saw-tooth arm fixator, 
which is introduced in Chapter 22, should be 
less than the outer diameter of the fracture bone 
in order to constrain the recovery of the fixator 
so that a reliable stability of the fracture can be 
obtained. 

Up to now, nickel-titanium shape memory 
alloy has been used for the manufacture of 
several kinds of fracture fixators, scoliosis cor- 
rection devices, prostheses for hip resurfacing, 
intervertebral prostheses, arterioembolizators. 
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Figure 1 7.4. a Schematic diagram of the shape memory compression staple, b The staple distracted at the wavy segment and the included angle 
are expanded from 70° to 90°. c Patella fracture with a separated tendency, d After fracture reduction and staple fixation, the staple can not restore 
to its original shape and a large recovery force is created at both sides of the fracture to fix the fracture against the distraction forces produced by 
the muscle and joint flexion. 



dental root implants, and stents of hollow 
organs [3,4]. 

Superelastic Applications 

Arch wires made of Ni-Ti for orthodontic 
correction have been used for many years and 
are especially helpful for correction of tooth 
deformation. 

Self-expanding Stent 

The self- expanding stent is already widely used 
in the treatment of stenosis of certain hollow 
structures such as vessels, trachea-bronchus, 
urethra, biliary tract, esophagus, etc. Within the 
catheter, the compressed stent made of shape 



memory alloy is inserted into the duct by 
interventional techniques and is left in the steno- 
sis area. In this way it will not only constantly 
expand the duct or vessel with its superelastic 
property or shape memory effect but it will also 
avoid the shifting of the self-expanding stent 
[3,4]. 
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Introduction 

Bone and articular cartilage are highly special- 
ized tissues of the skeletal system. Bone serves 
five main functions: 

Mechanical support (ribs) 

Movements, as the site of muscle attachments 
(long bones) 

Protective, as encasement of organs (skull) 

Metabolic, as a reserve pool of various ions 
especially calcium and phosphorus 

Hematopoietic: bones provide host sites for the 
hematopoietic tissue (the bone marrow). 

The human skeleton comprises 206 individual 
bones divided into two main groups, the flat 
bones (skull, scapula, vertebrae, pelvic bones) of 
the axial skeleton and the predominantly 
tubular bones of the appendicular skeleton. 
They are composed of multiple tissues 
including bone, cartilage, fat, connective 
tissues, hematopoietic bone marrow, nerves, and 
vessels. Long bones have a wider portion at each 
end (the epiphysis), a cylindrical tube in the 
middle (the diaphysis) and a transition zone 
between them (the metaphysis). In a long bone 
that is growing, the epiphysis and metaphysis 
are separated by the epiphyseal cartilage (the 
growth plate) which becomes entirely ossified 
after the end of skeletal growth. Bone tissue is 
classified on the basis of its gross and micro- 
scopic structure in two forms: cortical (compact 
bone), which constitutes the cortex, and 
trabecular (cancellous or medullary), which 
forms the central regions. 



Different Forms of Bone 

Structural stability is provided by the cortical 
bone, comprising approximately 80% of skele- 
tal bone in weight. Trabecular bone forms a 
complex intramedullary network that pro- 
vides a huge surface area for its role in mineral 
metabolism. 

Cortical (Compact) Bone 

The bone cortex, except in the region of the 
articular cartilage, is surrounded by the perios- 
teum, which consists of an outer fibrous layer 
and an inner cellular layer of osteoprogenitor 
cells, fibroblast, and osteoblasts. The cellular ity 
of this layer depends on the age and bone 
remodeling activity in the particular region. 
The collagen of the outer fibrous layer is con- 
tinuous with that of the joint capsule, tendons, 
and muscle fascia. Where the tendons insert 
into the periosteum, collagen fibers (Sharpey’s) 
pass through the periosteum into the bone 
lamellae. The cortex is a dense or compact 
bone composed of longitudinal, circumferen- 
tial, and concentric lamellae (Figure 18.1, plate 
section), best demonstrated by their birefrin- 
gence with plane polarized light (Figure 18.2, 
plate section). The cortex has Haversian canals, 
through which blood vessels pass in a longitu- 
dinal arrangement, and horizontally distri- 
buted Volkmann canals with smaller vascular 
branches. Haversian canals are surrounded by 
concentric lamellar bone called an osteon. 
This is the structural and remodeling unit for 
cortical bone. 
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Trabecular Bone 

The centers of most adult bone are composed 
of trabecular bone forming a complex intra- 
medullary network that provides a surface area 
for its role in mineral metabolisms [1]. The 
lamellae parallel the long axis of the trabeculae 
(Figure 18.3, plate section). Most trabeculae are 
avascular. Separating the bone from the marrow 
space is the endosteum, a layer composed of 
osteoclasts, macrophage-like cells, and active 
and inactive osteoblasts. In some areas, a thin, 
loose fibrous tissue is present around the cells of 
the endosteum. 

Woven or Immature Bone 

Woven bone is generally a fine cancellous or 
spongy bone, organized in trabeculae and 
spicules. The collagen fibers are arranged in a 
meshwork or felt-like pattern (Figure 18.4, plate 
section). The noncollagenous elements form a 
greater percentage of the matrix than in mature 
bone. Mineralization is intense. The osteocytes 
are randomly and unevenly distributed within 
the trabeculae, with large spherical to plump 
spindle-shaped lacunae; their number is higher 
per unit volume than in lamellar bone. Woven 
bone is seen in the embryo, growing prepuber- 
tal bone, malformed bone, fracture callus, or 
other sites of periosteal injury, at sites of bone 
repair or at the reaction to bone tumors 
(Codman’s triangle). 

Bone Composition 

Bone comprises an organic matrix mainly 
composed of collagen (90%). The remaining 
10% consists of varying lipids and proteins, 
including a calcium-binding protein called 
osteoclastine. The deposition of osteoide, com- 
posed of type 1 collagen, is the first step in bone 
formation. Osteoide is the framework upon 
which spindle-shaped crystals of hydroxyap- 
atite [Caio(P 04 ) 6 (OH) 2 ], are deposited [2]. Bone 
also has a ground substance of glycoproteins 
and proteoglycans that has a high ion-binding 
capacity and is thought to play an important 



role in calcification and the adherence of 
hydroxyapatite to the collagen. When hydrox- 
yapatite is deposited, the osteoide becomes 
bone. The bone tissue is categorized according 
to its collagenous organization into woven and 
lamellar bone. In woven bone (seen in areas 
of rapid bone growth, such as primary bone of 
the embryo, fracture callus, or tumor bone) the 
collagen is arranged in an irregular feltwork, 
while in lamellar bone the collagen consists 
of regularly arranged sheets. Since the mineral 
and fibers are well organized and closely asso- 
ciated, lamellar bone has greater rigidity and 
tensile strength and less elasticity than woven 
bone. 

Three types of specialized bone cells exist: 
osteoblasts, osteocytes, and osteoclasts. 

Osteoblasts 

The osteoblasts, derived from the osteoprog- 
enitor cells, first become recognizable as cells 
with round or ovoid nuclei and fairly abundant 
cytoplasm. They synthesize the collagen of 
the osseous matrix and are principally respon- 
sible for bone mineralization [3]. These cells 
cover the bone-forming surface and consist 
of a row of columnar cells with amphophilic 
to basophilic cytoplasm and eccentrically 
located nuclei, often with a prominent nucleo- 
lus (Figure 18.5, plate section). There is usually 
a perinuclear halo. Osteoblasts have an exten- 
sive granular endoplasmic reticulum, making 
their cytoplasm basophilic, and contain abun- 
dant alkaline phosphatase, which plays a role 
in the subsequent mineralization of the col- 
lagen matrix. The ultrastructure of these cells 
reveals a large, prominent Golgi apparatus, 
and numerous mitochondria and lysosomes. 
The cytoplasmic surface demonstrates multiple 
processes in contact with adjacent osteoblasts 
and osteocytes. As the rate of bone forma- 
tion diminishes, osteoblasts become flattened, 
have less cytoplasm, and finally are inconspicu- 
ous cells covering the resting bone surface, 
which appear spindle-shaped in histological 
sections (Figure 18.6, plate section). The 
osteoblasts respond to mechanical stimuli to 
mediate the changes in bone growth, size, and 
shape. 
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Osteocytes 

Osteocytes are osteoblasts that have become 
surrounded by osseous matrix. They are respon- 
sible for the maintenance of the bone. The 
cells have ovoid nuclei smaller than those of 
osteoblasts, and only a small amount of cyto- 
plasm. The main body of the osteocyte is 
located in small soft-tissue areas of the miner- 
alized bone - the lacuna. They have delicate 
cytoplasmic processes (dendrites) that run 
through the matrix to abut one another. In 
woven bone, they are randomly distributed 
throughout the matrix, are large and spherical 
or plump spindles (Figure 18.4), while in lamel- 
lar bone they are relatively rarer, smaller and 
spindle-shaped, and evenly distributed along 
the bone lamellae. 

Osteoclasts 

Osteoclasts are multinucleated cells largely 
responsible for bone resorption (Figure 18.7, 
plate section). These cells are derived from 
hematopoietic progenitor cells related to the 
monocyte/macrophage cell lineages. Osteo- 
clasts, resulting from the fusion of mononucle- 
ated cells, have two to six nuclei and are 



juxtaposed to the bone surface, where they lie in 
small reabsorption bays (Howship lacunae). The 
osteoclast binds to the bone surface by numer- 
ous cytoplasmic extensions which give the cell 
a villous-like, ruffled border. Secreted proteases 
permit the removal of the organic matrix [4] 
and simultaneously dissolve hydroxyapatite 
crystals. 

Bone tissue is a hard, biphasic tissue com- 
posed of a mineralized organic matrix and at 
least three identifiable specialized cell types. 
The biphasic structure provides bone with ideal 
hardness, flexibility, and tensile strength 
without its being excessively brittle [5]. 
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Factures are breaks in the continuity of bone. 
Then a reparation occurs which consists of 
growth of new tissue developing around and 
between the ends of the bone fragments. This 
new tissue, which forms a bridge between the 
fragments, is termed a callus. Like any bony 
structure, bone callus is remodeled as it grows, 
so that histologic features vary greatly with 
time. 

In the very first hours following a bone injury, 
a hematoma forms between the ends of the bone 
because blood vessels of the soft tissue, of the 
periosteum, and of the spongy bone have been 
torn. On microscopic examination, only diffuse 
hemorrhage is seen within the intertrabecular 
spaces and in the periosseus tissues (Figure 



19.1). Then, this blood coagulates to form a clot 
which serves as a matrix for inflammatory cells 
and fibroblasts as well as neoformed capillaries 
(Figure 19.2). Vessels of the Haversian systems 
are also torn at the fracture line. This results in 
the death of the osteocytes for a certain distance 
on each side of the fracture line. Dead bone 
undergoes lysis and is formed of pycnotic osteo- 
cytes. Osteoclastic resorption of devitalized 
bone fragments then occurs. 

The inflammatory cells which colonize the 
hematoma in the early stage of repair secrete 
various cytokines; growth factors such as PDGF, 
FGF, TGFjS. These substances activate bone 
progenitor cells, especially those present in the 
inner layer of the periosteum. After a week. 




Figure 19.1. Following a bone injury, only diffuse hemorrhage is seen within the intertrabecular spaces and in the periosseus tissues. 
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Figure 19.2. Blood coagulates to form a clot which serves as a matrix for inflammatory cells and fibroblasts as well as neoformed capillaries. 




Figure 19.3. Approximately one week after injury, plump osteoblasts differentiate and produce immature osteoid deposits, 
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Figure 19.5. After three weeks, a trabecular pattern is more obvious in the neoformed bone with well-defined osteoblastic rimming. 








Histology of Bone Callous 



Figure 19.7. When present, cartilaginous areas may look florid and atypical. 
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plump osteoblasts differentiate and produce 
immature osteoid deposits (Figure 19.3). At this 
stage cellularity is usually high and numerous 
but normal mitotic figures are seen (Figure 

19.4). Also, osteoid and chondroid material may 
not show the obvious functional arrangement of 
a reactive process. At this stage, if a biopsy is 
performed without prior knowledge of the bone 
healing process, osteosarcoma can be misdiag- 
nosed. Later, maturation of these substances 
resolves the problem. Patients with pathological 
conditions such as osteogenesis imperfecta can 
produce exuberant hypertrophic callus. In such 
cases, it is important to correlate the histologic 
features with the roentgenographic appearance. 



After three weeks, a trabecular pattern is 
more obvious in the neoformed bone with a 
well-defined osteoblastic rimming (Figure 

19.5) . Calcium deposition also begins (Figure 

19.6) . Cartilage is an inconstant component of 
bone callus and has a temporary existence only. 
The formation and presence of cartilage depend 
on mechanical factors. When present, cartilagi- 
nous areas may look florid and atypical (Figure 

19.7) . Enchondral ossification then occurs 
(Figure 19.8). 

After six weeks and for several months, bone 
remodeling will continue according to mechan- 
ical forces and will produce a solid lamellar 
bone. 
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Introduction 

Prosthetic joint replacement is now one of the 
most common surgical operations performed in 
Western countries. With the passage of time, 
some implants undergo corrosion [1]; or gener- 
ate particulate debris from abrasion at the arti- 
culating surfaces or from micromotion at their 
interfaces with the bone [2]. The nature and 
ultimate fate of these products as well as their 
implication after long-term systemic exposure 
are among the least understood aspects of 
arthroplasty of the hip and knee. 

Wear debris is not biologically inert. Its 
accumulation in local synovial tissue is associ- 
ated with a chronic inflammatory reaction, the 
nature of which depends on the type and size of 
the particles [3], the concentration and duration 
of exposure [4], and the surface characteristics 
of the implant [5]. 

Polyethylene particles are recognized as a 
major factor in the survival of joint prostheses 
[6]; and metallic particulate species can also 
play an important role [7,8]. Furthermore, ele- 
vated levels of metallic elements from which 
implants are made have been reported in the 
distant organs and body fluids of patients with 
joint replacements [9-11]. 

The aim of this chapter is to discuss the dif- 
ferent local and distant tissue reactions to the 
numerous products of wear and corrosion in 
relation to their characteristics and to their 
association with friction. 

Characterization of Wear 

Wear can be defined as the loss of material from 
the surfaces of the prosthesis as a result of 



motion between those surfaces. Material is 
lost in the form of particulate debris. Wear must 
be distinguished from plastic deformation or 
creep, which changes the shape of the implant 
without causing loss of material or producing 
particulate debris. There are three types of 
wear: 

abrasive, in which the harder surface produces 
grooves in the softer material, 

adhesive, in which the softer material is trans- 
ferred as a thin film onto the harder surface, 

fatigue, in which repetitive loading produces 
subsurface cracks and particles, or sheets of 
materials subsequently delaminate and are lost 
from the surface. 

With the highly conforming surfaces in total hip 
arthroplasties, abrasive and adhesive mecha- 
nisms appear to be far more important than the 
fatigue wear mechanism. 

The factors that determine wear are; 1) the 
coefficient of friction of the materials and their 
surface finish, 2) the hardness of the materials, 
3) the applied load, 4) the sliding distance for 
each cycle depending on the diameter of the 
head and the motion of the hip, and 5) the 
number of cycles that occur over time. 

Wear is difficult to measure accurately. In vivo 
wear measurements have varied considerably, 
and in vitro wear simulators have usually 
underestimated wear rates. This implies that 
simple unidirectional wear tests, which do not 
reproduce physiological hip motion, are of 
limited value in predicting wear with new 
designs or alternative bearing surfaces. 

Clinical roentgenographic studies usually 
report linear wear rates whereas in vitro studies 
often report volumetric wear. Volumetric wear 
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can be assessed in vitro by measuring the 
volume of particles released or by a change in 
the weight of the implant. Neither technique 
is applicable for retrieved implants because 
debris cannot be recovered easily, and polyeth- 
ylene can absorb water during use, slightly alter- 
ing its weight. Therefore, wear is commonly 
expressed as the linear distance of penetration 
of the head into the polyethylene and is 
measured by comparing initial and follow-up 
roentgenograms. 

Very smooth surfaces such as those used in 
total hip components still have undulating 
peaks and valleys. When two surfaces first slide 
against each other under load, many of these 
asperities are removed, producing a high initial 
wear rate referred to as the “wearing-in” period. 
As the surfaces adapt to each other, contact 
areas increase and wear rates decrease, even- 
tually reaching a steady state. The more complex 
prostheses become, by modularity and supple- 
mentary fixation of the components, the more 
likely the generation of metal particles from 
their junctions. 

Products of wear and corrosion are charac- 
terized by their type, their size, and their 
amount, the latter being difficult to measure 
accurately as we have seen. Their accumulation 
in the local synovial tissue is associated with a 
chronic inflammatory reaction, the nature of 
which depends on the size and type of the par- 
ticles [3], the concentration and duration of 
exposure [4], and the surface characteristics of 
the implant [5]. 

Lee et al. [3] have measured the size of metal- 
lic and polyethylene particulate debris around 
failed cemented arthroplasties. Femoral compo- 
nents were from equal numbers of titanium 
alloy stems, cobalt-chromium alloys, or stain- 
less steel. The mean size of the metallic particles 
was 0.8- 1.0 micrometers by 1.5- 1.8 microme- 
ters. The particle sizes of the three metals were 
similar. The mean size of polyethylene particles 
was 2-4 micrometers by 8-13 micrometers. 
They were larger in tissue retrieved from failed 
titanium alloy implants than from cobalt- 
chromium and stainless steel. Their results 
suggest that factors other than the size of the 
metal particles - such as the constituents of the 
alloy and the amount and speed of generation 



of debris - may be more important in the failure 
of hip replacements. 

Kadoya et al. [12] have also found that poly- 
ethylene particles accumulated in the interface 
tissues are extremely small (mean size 0.82 
micrometers) and that they are present in large 
amounts (range 5.2 x 10 (8) to 9.2 x 10 (10) per 
gram of tissue: mean = 1.4 x 10 (10). A more 
important point shown in their quantitative 
extraction is that a significant difference is 
observed in the number of polyethylene parti- 
cles between osteolysis positive and negative 
cases, but with a similar size of particles in these 
two groups. The critical number of polyethylene 
particles is around 1.10 (10) particles per gram 
of tissue, which could be the prerequisite for the 
progression of osteolysis. 

Furthermore, Willert and Semlitsch [13] have 
shown that prostheses with polyethylene cups 
and metal balls are associated with a polyethyl- 
ene wear rate of 100-300 micrometers per year. 
Ceramic balls with polyethylene cups are asso- 
ciated with an expected wear rate of 50-150 
micrometers per year, and that Co-Cr-Mo-C 
metal-on-metal and AI2O3 ceramic-on-ceramic 
pairings have the lowest wear rate of 2-20 
micrometers per year. But, whereas the total 
volume of particles produced in metal-on-metal 
total hip replacements (THRs) is smaller than in 
metal-on-polyethylene THRs, the number of 
these particles is larger in metal-on-metal THRs 
due to their small size (0.1-400 micrometers) 
[14]. 

Nature of the Local 
Inflammatory Reaction 

Total hip arthroplasty failure caused by pros- 
thetic loosening in the absence of infection has 
been well documented in early reports of total 
hip surgery [15,16,17]. Gross and histologic 
examinations of failed total hip prostheses have 
described the presence of fibrous tissue and 
wear debris at the cement-bone interface [13]. 
More detailed examination of these tissues 
found sheets of macrophages in a fibrous tissue 
stroma with giant cells, polymethylmetacrylate 
particles, and metal debris in an apparent 
foreign-body- type reaction [18]. 
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Initial reports attributed this histologic reac- 
tion to the presence of polymethylmetacrylate 
leading to the concept of cement disease [19]. 
More recently, however, reports of similar tissue 
at the bone implant interface in uncemented 
total hip arthroplasties have led to the concept 
of particle disease to describe the foreign-body 
reaction noted in association with metal and 
polyethylene debris with or without poly- 
methylmetacrylate debris. Numerous reports 
have also supported the association between 
interface membranes and the occurrence of 
periprosthetic osteolysis [4,20-23]. These 
endosteal erosions have been described around 
cemented and uncemented implants and 
loosened and well-fixed implants [24]. Cobalt- 
chrome alloy, titanium-aluminum-vanadium, 
and ultra-high-molecular-weight polyethylene 
(UHMWPE) have been associated with the 
activation of periprosthetic tissues leading to 
osteolysis and loosening. 

Experimental evidence supporting the asso- 
ciation between particulate wear debris and 
osteolysis has been based on two primary 
observations: 

Micron-sized metal and polyethylene debris 
induces a foreign-body-type reaction when 
placed in various animal tissues [17,25,26]. 

These tissues, experimentally induced, and 
human retrieval specimens, produce various 
enzymes and cytokines capable of stimulating 
bone resorption. 

Goldring et al. [27,28] showed that interface 
membranes from failed human THRs were 
capable of producing PGE2 and collagenolytic 
factors, both of which have been shown to 
stimulate bone resorption in vitro. The results of 
similar studies of periprosthetic membranes in 
tissues cultures have shown the release of colla- 
genase, gelatinase, ILl, IL6, and TNF [20,29,30], 
all implicated in the stimulation of bone resorp- 
tion in vitro and in vivo [27,28,31,32]. 

Role of PMMA, UHMPE, and Metal 
Particles in the inflammatory Reaction 

Kadoya et al. [12] have shown that polyethylene 
particles are primarily responsible for macro- 



phage recruitment and attachment onto the 
bone surface, which leads to osteolysis. Sec- 
ondly, the significance of macrophages in the 
context of bone loss is not only as cells pro- 
ducing inflammatory mediators which could 
activate osteoclasts, but as cells which could 
resorb bone directly as well. Thirdly, poly- 
methylmetacrylate (PMMA) particles cannot be 
regarded as a potent stimulatory factor for bone 
resorption. They suggest that the importance of 
fragmented PMMA in the context of osteolysis 
may have been over-emphasized in previous 
studies without paying enough attention to 
their actual size and distribution. 

Several studies have demonstrated the sig- 
nificant role of metal particles in the failure 
of implants [33-35]. An enhanced influence of 
metal particles on osteoclastic bone resorption 
is observed [12] and can be interpreted in two 
ways: metal particles might be produced pre- 
dominantly in more unstable implants, thus 
enhanced osteoclastic resorption could be 
explained as being related to the enhanced 
remodeling around more unstable implants. 
Another possibility is that metal particles have 
different effects on osteoclast recruitment and 
activation; especially that the production of 
inflammatory mediators such as IL2-B2 is more 
apparent in the presence of metal particles. 
If this is the case, it is conceivable that these 
mediators change the coupling process into a 
resorption-dominant state, which might explain 
extensive bone loss in metallosis. 

Nonetheless, in the comparison of metal-on- 
polyethylene with metal-on-metal hip prosthe- 
ses, a major focus is the lower amount of 
volumetric wear and overall tissue histiocytic 
reaction, particularly multinucleated giant cells 
in the latter [36]. The same authors [36] com- 
pared the intensity of the tissue reaction around 
metal-on-metal THRs to the reaction around 
metal-on-polyethylene THRs and found that the 
number of histiocytes is one grade lower around 
metal-on-metal THRs and that there are no 
giant cells reacting to metal particles. However, 
their result does not assess the relation between 
the intensity of the inflammatory reaction and 
the amount of the associated osteolysis. 

Similarly, there is considerable interest in 
ceramic implants because of the increased 
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awareness of its excellent mechanical and 
sliding characteristics. Nevertheless, some cases 
of fracture of the ceramic femoral head have 
been reported [37,38,39], and the revision 
operation after this complication may be prob- 
lematic in terms of the choice of the type of the 
femoral head to be inserted [40]. 

All these accumulated data on metal- on- 
metal and ceramic-on-ceramic hip implants 
seem to be very promising and would support 
continued efforts in metal-on-metal and 
ceramic-on-ceramic designs. 

Dissemination of Wear Particles 

The importance of wear particles generated by 
wear and corrosion of joint replacement pros- 
theses has been understood primarily as we 
have seen in the context of the local effects of 
particle-induced periprosthetic osteolysis and 
aseptic loosening. The fate of wear particles in 
the body remains uncertain. Lankamer et al. 
[41] have reported histologic and electron- 
microscopic evidence from two cases which 
shows that metallic debris can be identified in 
the lymphoreticular tissues of the body distant 
from the hip some years after joint replacement. 

Urban et al. [42] recently reported that the 
systemic distribution of metallic and polyethyl- 
ene particles was a common finding both in 
patients with a previously failed implant and in 
those with a primary total joint prosthesis. The 
prevalence of particles in the liver or spleen was 
greater after reconstructions with mechanical 
failures. 

In the majority of patients the concentration 
of wear particles in the organs (para-aortic 
lymph nodes, spleen, and liver) was relatively 
low and without apparent pathological impor- 
tance. However, in one rare case, granulomas 
formed in the liver, spleen, and abdominal lymph 
nodes, and compromised hepatic function in 
response to heavy accumulation of wear debris 
from a hip prosthesis with a mechanical failure. 

Carcinogenicity 

As early as the 1950s, laboratory investigations 
into the carcinogenicity of modern dental and 



orthopedic alloys were undertaken. Such studies 
were prompted by the observations that 
workers, particularly in nickel and chromate 
refining, have increased risks of nasal and lung 
tumors. For the past 30 years sporadic case 
reports have documented the development of 
malignant neoplasms proximate to an orthope- 
dic implant. But the results of epidemiologic 
studies have not shown yet any excessive 
number of tumors in patients receiving stainless 
steel or superalloy implants. Some preliminary 
observations have suggested some possible pre- 
malignant changes in bone marrow adjacent to 
worn total hip arthroplasty implants [43]. They 
suggest, however, longer postoperative intervals 
and more epidemiologic data to see if there is 
any risk that would be pertinent to a young 
patient at primary arthroplasty. 

Conclusion 

Ideally, neither articulation, modularity of 
devices, nor implant anchorage should be the 
source of wear products, but the articulation 
will always produce wear on physical principles. 
One should therefore take advantage of all pos- 
sibilities to reduce the production of wear par- 
ticles in the joint bearing as well as at the 
anchoring surfaces. The surgeon should also 
consider revision in patients in whom large 
amounts of particulate debris maybe generated. 
Serum and urine trace metal analysis may 
provide early confirmation of failure and aid in 
the timing of revision operations in patients 
with a symptomatic or failed device. Adminis- 
tration of drugs to inhibit particle-induced 
bone resorption should be considered for the 
present as a second line of defense, since this is 
directed against an aftermath and does not 
influence the continuing wear process. 
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21 The Influence of Hyperbaric Oxygen Treatment 
on Cell Multiplication 

B. Clouet D'Orval 



Hyperbaric oxygen (HBO) therapy is success- 
fully used in treating anaerobic infection that 
results in gas gangrene as well as severe aerobic 
infections such as necrotizing fasciitis and 
chronic refractory osteomyelitis. In addition, it 
reduces morbidity and mortality resulting from 
carbon monoxide intoxication. Many protocols 
using HBO to promote tissue and bone healing 
by increasing oxygenation have been investi- 
gated and therapeutic indications are better 
defined for using HBO in selected orthopedic 
situations. 

Physiopathology of Hyperbaric 
Oxygen Treatment 

The use of hyperbaric oxygen treatment rests on 
the principle of the solubility of gases in liquids. 
Oxygen is transported towards tissues by blood 
flow in dependent or dissolved form. In the 
event of, in particular, hypoxic tissue suffering, 
tissue hyperoxygenation is possible by increas- 
ing the dissolved quantity of oxygen per oxygen 
inhalation under pressures higher than the 
atmospheric pressure. 

Oxygen Transport to Tissues 

In Normobaric Oxygen (20% oxygen) 

Alveolar stage: The diffusion of oxygen between 
alveoli and capillaries of the lungs is carried out 
according to a low gradient of pressure between 
alveoli and capillaries. 

Blood stage: In blood, oxygen is transported 
in two forms: the major part is combined with 



hemoglobin (98.5%), and the other part, 
proportionally weaker (1.5%), is dissolved in 
plasma. The quantity (q) of gas that dissolves is 
directly proportional to the arterial partial 
oxygen pressure (Pa02), and to the coefficient 
of solubility (a) in blood according to the law of 
Henry (Q = aPa02), which is 0.3 ml/100 ml of 
plasma. This intermediate dissolved form is 
essential to allow the fixing of oxygen on hemo- 
globin. In addition, the degree of saturation 
of hemoglobin depends on Pa02 and varies 
according to a non-linear curve of dissociation. 
The maximum oxygen capacity fixed can reach 
a level of 20.1 ml/100 ml of blood, that is to say, 
a total quantity of oxygen transported of 
20.4 ml/100 ml. 

Tissue stage: The distribution of oxygen in 
tissues relies on the same principle of diffusion 
according to a gradient of pressure between 
capillary blood and the cells. It depends on the 
tissue partial oxygen pressure (increasingly 
lower than Pa02), of the metabolic request, of 
the tissue solubility of oxygen, and the local 
vasoconstriction. 

In Hyperbaric Oxygen (100% oxygen) 

The increase in the arterial partial oxygen pres- 
sure has several consequences. 

The increase in the quantity of oxygen dis- 
solved can be enough to meet the tissue 
needs (6 ml/100 ml) with 3 atmospheres (3 ATA). 
The affinity to hemoglobin for oxygen is 
decreased. 

A systemic arterial hypertension related to a 
peripheral vasoconstriction and a bradycardia 
reflex results, related to a vasoconstriction 
reflex to tissue hypoxia and not to a general 
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reaction which would involve a fall of the 
oxygen delivered with fabrics. The quantity of 
oxygen exchanged is, in fact, increased by 
pericapillary diffusion. 

A persistent increase in the deformability of red 
cells. 

Effects of HBO on Tissue and 
Cell Growth 

HBO increases dissolved oxygen in the blood 
and results in a high partial pressure of oxygen 
(Pa02). An increase of Pa02 maintains tissue 
oxygenation in the absence of hemoglobin [1] 
and also has an antiedematous effect. In fact, 
one finds in the microcirculatory sector a reduc- 
tion in the blood flow of about 20% by the 
phenomenon of vasoconstriction reflex, which 
decreases the capillary flow of transudation 
and thus the formation of edemas. In addition, 
it stimulates fibroblast growth, increases col- 
lagen and intracellular adenosine triphosphate 
synthesis, and promotes more rapid growth 
of capillaries (angioneogenesis) [2,3] and 
osteoblastic and osteoclastic activity [4]. The 
stimulation of osteogenesis by HBO has been 
reported in animal experiments and clinical 
cases. 

Effects of HBO on Wound Healing 

The cicatrization of a wound is a complex phe- 
nomenon which brings into play several cellular 
types in a process of detersion, angioneogene- 
sis, and cellular repair. After a first inflammatory 
phase with polynuclear surges of neutrophiles 
and macrophages, a second phase of granula- 
tion with conjunctive proliferation of neocapil- 
laries, fibroblasts, and collagen synthesis begins. 
A last phase of epithelialization finishes the 
process. It has for a long time been recognized 
that delays or failures of cicatrization are pri- 
marily due to the existence of an infection or a 
local ischemia. The hypoxic area involves a 
reduction or even a stop of the cellular proli- 
feration and collagen synthesis; from there a 
stop of neocapillary formation, just as a signifi- 
cant reduction in the macrophagic activity and 
bactericidal capacity of the polynuclear cells. In 



addition, a sensitivity particular to the infec- 
tions of ischemic tissues deteriorates the local 
conditions. 

An additional oxygen contribution, such 
as carried by hyperbaric oxygen treatment, 
involves a series of eutrophic and healing 
effects [2]: 

Increase in the distance of pericapillary diffu- 
sion of oxygen. 

Angiogenesis stimulation by accelerating 
growth of neo capillaries. 

Fibroblastic proliferation by increasing local 
oxygen pressure. 

Quantitative and qualitative increase (hydroxy- 
lation of the proline) of collagen synthesis. 

Epithelialization by increasing mitotic index, 
and mobility of the epithelial cells. 

Effects of HBO on Bone Healing 

The process of osseous repair is comparable 
with conjunctive repair. As soon as the fracture 
hematoma is formed an inflammatory reaction 
with detersion involves the osteolytic aspects of 
the distal ends of the fracture. Cartilage and 
osseous cellular differentiation occurs after a 
proliferative phase within young conjunctive 
tissue of granulation. It is performed, in fact, 
by a metamorphosis of the local fibroblasts 
which leads to two types of ossification; on one 
hand, enchondral, central, caused by the devel- 
opment of a cartilage matrix, and on the other 
hand, periostal, which produce an osseous 
structure directly. The two processes lead ini- 
tially to osteoid plates, which will be the object 
of a secondary replanning leading to complete 
repair. 

Hyperbaric oxygen treatment by the increase 
of the partial pressure of oxygen promotes the 
capillary proliferation to reappear, just as it 
restores normal capacities of synthesis and pro- 
liferation of osteoblasts. Osteogenesis and colla- 
gen synthesis are decreased by hypoxia, and a 
moderate increase of oxygen supply (80 mmHg) 
stimulates their appearance [5]. The osteoclas- 
tic activity begins again, and allows resorption 
of the infected and necrosed osseous residues 
[4]. 
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Using a bone harvest chamber, Nilsson et al. 

[6] reported that HBO treatment caused a 
significant increase in bone formation and 
histologically demonstrated that lamellar bone 
developed in the chamber canal. In a rat bone 
fracture model, HBO accelerated healing of bone 
and induced a greater amount of new bone 
formation. Many factors explain the promotion 
of bone healing by HBO. The differentiation of 
osteoblasts from mesenchymal cells may be 
influenced by HBO [7]. Shaw and Basset [8] have 
shown that increased oxygen tension causes cel- 
lular differentiation to osseous tissue, whereas 
decreased oxygen tension results in cartilage 
formation. It has also been shown that osteo- 
clastic and osteoblastic activity is increased by 
increased oxygen tension. Collagen synthesis is 
also increased by HBO. The role of the hypoxic 
area (injury area) in intermittence with HBO 
therapy is important to promote angiogenesis 

[7] . The return to the hypoxic state with 
high lactate levels stimulates secretion of a 
variety of biochemical messengers, including a 
chemotactic wound angiogenesis factor, by the 
macrophages. Neovascularization supplies more 
oxygen to the central hypoxic area and HBO 
therapy, with a moderate increase of oxygen 
tension (SOmmHg), is especially effective in 
promoting angiogenesis and osteogenesis. 
Tuncay et al. [9] investigated the effects of 
ambient hypoxia and hyperoxia on osteoblast 
function in vitro. In low ambient oxygen tension, 
cellular proliferation increases, whereas alkaline 
phosphatase (AP) activity, collagen synthesis, 
media Pa02, and PCO 2 decrease. In contrast, in 
hyperoxy conditions, cellular proliferation is 
suppressed with concomitant increases in: AP 
activity, collagen synthesis, and partial pressures 
for oxygen and carbon dioxide. In crossover 
experiments, where cells were initially grown 
in hypoxic conditions and were switched to 
hyperoxic conditions, their metabolic activities 
were abruptly reversed. In addition, various 
oxygen concentrations influence the meta- 
bolism of bone cells [8]. Maximum osteogenesis 
is observed with an oxygen concentration of 
35% with little or no osteogenesis at 5%. Expo- 
sure to high oxygen concentrations (95%) is 
known to induce damage to cells, possibly due 
to an increased oxygen radical production. In 



addition, it appears to induce less osteogenesis 
and cause more osteoclasia and chondroclasia. 
With regard to collagen synthesis, low oxygen 
tension suppresses collagen fiber formation, 
whereas the effect of high oxygen tension is 
found to vary according to the duration of expo- 
sure to HBO. Short-term exposure (6 hours) 
causes maximum collagen synthesis, while long- 
term exposure (2 weeks) produces less fibers. 

Therapeutic Indications 

Effect of HBO on Autogenous 
Bone Grafts 

Sawai et al. [7] reported a histologic study con- 
cerning free bone graft osseointegration. The 
interface between a grafted iliac corticocancel- 
lous bone and a bone defect of the mandible 
was histologically examined in rabbits with or 
without HBO therapy. At one week after graft- 
ing, osteoid formation in the experimental 
group was much greater than in the control 
group. Union between the grafted and the host 
bone was observed in the experimental group at 
two weeks after grafting, but it was not observed 
in the control group until four weeks. Although 
it was difficult to differentiate grafted from host 
bone in the experimental group at four weeks, it 
was readily distinguishable in the control group. 
These results indicate that HBO accelerates the 
union of autogenous free bone grafts. 

Effect of HBO on Bone Healing of 
Tibial Lengthening 

Ueng et al. [10] reported that bone healing of 
tibial lengthening is enhanced by HBO therapy 
in a study of bone mineral density (BMD) and 
torsional strength in rabbits. In a first group 
exposed to 2.5 atmospheres absolute of hyper- 
baric oxygenation for two hours daily, it would 
appear that the BMD was increased significantly 
(96.9% at six weeks) in the distraction segment 
compared with the second group who did not 
go through HBO (79.2% at six weeks). In 
addition, torsional strength of lengthened tibia 
of the HBO group was increased significantly 
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(88.6% of maximal torque at six weeks) 
compared with the non-HBO group (76% of 
maximal torque at six weeks). In clinical length- 
ening, the central zone of the distraction 
segment is usually the poorest part of callus for- 
mation. Yasui et al. [11] found that as distraction 
proceeded, the poor bone formation in the 
central zone was due to its hypovascularity via 
an investigation of microangiography. HBO is 
known to promote the development of new 
blood vessels in the hypovascular tissue; there- 
fore, there is a good chance that it will increase 
the rate of vascular formation in the distraction 
segment and then promote bone formation. 
These results suggest that the bone healing of 
tibial lengthening is enhanced by intermittent 
hyperbaric oxygen therapy. 

Effect of HBO on Avascular Necrosis of 
the Femoral Head 

Levin et al. [12] reported treatment of experi- 
mental avascular necrosis of the femoral head 
with hyperbaric oxygen in rats in a histological 
evaluation of the femoral head during the early 
phase of the reparative process. The healing of 
vascular deprivation-induced necrosis of the 
femoral head of rats exposed to hyperbaric 
oxygen was compared with that in untreated 
rats. Newly formed appositional and intramem- 
branous bone was more abundant and remod- 
eling was more advanced in the femoral heads 
of the hyperbaric oxygen-treated than untreated 
rats sacrificed on the 42nd postoperative day; 
there was also less necrotic debris in the femoral 
heads of the treated rats. There were no differ- 
ences in the severity of the degenerative changes 
of the articular cartilage of the treated and 
untreated rats. Exposure of rats to hyperbaric 
oxygen does not preserve tissue viability after 
all arteries supplying the femoral head are 
severed. Yet, resulting in an increased oxygen 
tension of the tissues, it seems to provide the 
optimal settings for reparative processes. The 
results suggest that hyperoxygenation-mediated 
relief of ischemia enhances the fibroblastic, 
angioblastic, and osteoclastic activities such 
that healing of the rats’ necrotic femoral heads 
is expedited. 



Adjunctive HBO to the Management 
of Radionecrosis 

Irradiation induces hypocellularity, hypovascu- 
larity, and hypoxemia in tissue, and radio- 
necrosis can occur after irradiation treatment, 
particularly osteoradionecrosis. Some clinicians 
do not use implants (titanium, hydroxyapatite 
implants) because of the risk of post-radiation 
osteonecrosis decreasing the success of a pros- 
thetic restoration. In the maxillofacial region, 
HBO therapy has been useful in both the 
treatment and prevention of osteoradionecrosis 
and in reconstruction involving irradiated 
tissue. Experimental studies have revealed the 
effects of HBO therapy on the osseointegra- 
tion and healing around titanium [13] or 
hydroxyapatite-coated [14] implants placed in 
irradiated bone. HBO therapy seems to slightly 
improve the cell population for bone regen- 
eration capacity and then encourages trabecu- 
lar bone around the implant to remodel at a 
level close to that of nonirradiated bone. On the 
other hand, HBO accelerates bone remodeling 
in non-irradiated bone and improves HA-bone 
contact in both irradiated and nonirradiated 
bone. 

Conclusions 

HBO enhances the fibroblastic, angioblastic, 
osteoblastic, and osteoclastic activities by in- 
creasing local oxygen pressure. It stimulates 
angiogenesis, collagen synthesis, accelerates 
healing of bone, and induces a greater amount 
of new bone formation. Adjunctive hyperbaric 
oxygen treatment seems to be useful on healing 
and regeneration of bone defects in recon- 
structive bone surgery. It is a very helpful tool 
and a new approach in the management of 
osteonecrosis, assisting the classical surgical 
principles. 
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Fracture healing is an extremely complicated 
biological process. The primary factor affecting 
fracture healing is the blood supply to the frac- 
ture site, which is the basic assurance of suc- 
cessful treatment, and as well as sustained blood 
supply to the fracture site, a favorable local 
mechanical environment is also an essential 
requirement for fracture healing. Research in 
past years has shown that the mechanical envi- 
ronment favorable to fracture healing includes 
two aspects: stability of the fracture ends (exclu- 
sion of harmful movement and shear stress) and 
stimulation of physiological stress. In the past, 
clinical treatment of fractures focused on the 
means to ensure the stability of the fracture 
ends, while modern treatment for fracture gives 
more regard to the physiological requirements 
for fracture healing. 

The earliest treatment for fracture mainly 
consisted of external fixation with plaster 
immobilization, which is unfavorable for early 
functional exercise and may lead to joint stiff- 
ness and muscular atrophy, giving rise to the so- 
called fracture disease. The application of rigid 
internal fixation is a major step forward in the 
treatment of fracture. Various devices for inter- 
nal fixation of fracture involve the principle 
of utilizing the stress shielding effect of the 
implant to ensure the stability of the fracture 
ends. Stress shielding is a mechanical concept, 
i.e., when two or more components with dif- 
ferent elastic moduli make up a mechanical 
system, the phenomena of redistribution of 
load, stress, and strain will take place: the com- 
ponent with a higher elastic modulus will bear 
more load and the component with a lower 
elastic modulus will bear less load, while stress 
and strain will be correspondingly less. Rigid 
internal fixation chiefly uses a bone plate of a 



higher elastic modulus to fix the fracture, 
imposing certain stress-shielding effects on the 
bone, which is of a lower elastic modulus, 
thereby ensuring the stability of the fracture 
ends. 

Prior to the advent of the concept of rigid 
internal fixation (brought about mainly through 
the action of compression plates) was put 
forward, the stress-shielding effect of an ordi- 
nary bone plate was insufficient for the main- 
tenance of absolute stability of the fracture 
ends. With its strong stress-shielding effect, the 
compression plate amply ensures the stability of 
fracture ends and close contact between them; 
primary healing is then obtained. Rigid fixation 
is also advantageous for early exercise of the 
involved limb, getting rid of the complications 
of muscular atrophy and stiff joints. 

However, the application of compression 
plates brings in another problem, i.e., the inci- 
dence of osteoporosis of bone plate origin. 
Means of observation, including quantitative 
histology, polar microscopy, transmission elec- 
tron microscopy, scanning electron microscopy, 
microangiography, mechanical tests, and 
molecular biology investigations have been 
employed to study what bearing the stiffness of 
internal fixation and stress stimulation has on 
fracture healing and bone remodeling. The 
results showed that in a situation of identical 
blood supply, bone plates of different stiffness 
can lead to osteoporosis to varying degrees (in 
terms of bone loss, erosion, breakage and dis- 
organization of collagen fibers in bone matrix, 
and the decrease in the mechanical strength 
of bone) and that the higher the stiffness of the 
bone plate and the longer the duration of fixa- 
tion, the more serious osteoporosis becomes. 
Only after the removal of the bone plate can 
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osteoporosis be gradually reversed. The inci- 
dence of such a complication is related to the 
changes in the metabolism of bone cells result- 
ing from stress shielding and the proliferation 
and dilation of micro-vessels following bone 
plate fixation. The effect of stress shielding can 
intensify the proliferative reaction of the micro - 
vessels [1,2,3]. 

It is clear that the stress-shielding effect is the 
essential means of post-fracture stabilization of 
fracture ends, yet the resultant decrease of stress 
stimulation will considerably influence bone 
healing, especially bone remodeling in the later 
stage of healing. For this reason, the progress 
of clinical treatment of fracture lies in the 
resolution of the contradiction of fixation and 
stress stimulation, and the combination of the 
effective and rational utilization of the stress- 
shielding effect of internal fixation and the 
elimination of its unfavorable effects. 

The Study of Low-stiffness 
Bone Plates 

In the late 1970s, Woo et al. initiated the concept 
of nonrigid internal fixation, i.e., the use of low- 
stiffness bone plates made from a composite 
material consisting of plastic, carbon fiber, 
epoxy resin, etc. Animal experiments showed 
that the low-stiffness bone plates could 
markedly lessen the osteoporosis consequent 
upon stress shielding, but the stability provided 
by the composite bone plate for the fracture site 
was rather unsatisfactory, resulting in a higher 
incidence of delayed union and non-union of 
the fracture [4]. Alongside the further explora- 
tion of biodegradable materials, the use of 
resorbable, biodegradable materials, such as 
polylactic acid and polyglycolic acid, to make 
bone plates began, conceiving that with the 
degradation of the material in the body, the 
stress-shielding effect of internal fixation on 
the fracture site would be gradually lowered, so 
that the fracture site would gradually take up the 
stimulus of physiological stress, and in addition, 
it would not be necessary to remove the plate in 
a second operation. Zimmerman [5] and other 
scholars used a composite material incorporat- 



ing carbon-reinforced poly-L-lactic acid (PLA) 
to make a laminated, degradable bone plate, and 
used it to fix an experimentally osteotomized 
dog femur, to find that, owing to the hydropho- 
bicity of the material and infiltration of water, 
the stiffness of the fixation system rapidly less- 
ened before the internal stability for bone 
healing was accomplished, leading to hyper- 
trophic non-union. Therefore, PLA can only be 
applied to certain fractures, where the implant 
does not have to maintain a high stress. 
Hanafusa et al. [6] used PLA acid to make com- 
posite, low-rigidity, biodegradable bone plate 
and achieved certain success in osteotomy 
models of rabbit femur. In eight weeks, bone 
healing rates reached 64%. And in 25-40 weeks, 
no difference was found in bone structure under 
the plate and the mechanical strength of the 
healing bone, as compared with normal bone, 
the results being markedly superior to the con- 
trols using stainless steel bone plates for fixa- 
tion. However, 14% of the degradable plate 
fixations failed. In addition, the histological 
reaction induced by degradation products is 
still a problem pending a solution. For instance, 
polyglycolic acid is apt to cause the formation of 
aseptic sinus with an incidence as high as 25%, 
and regional toxicity will appear following 
hydrolysis of the material in 10-28 days [7]. It is 
therefore evident, as far as the problems of the 
initial rigidity of biodegradable materials is 
concerned, that control of the degradation 
speed and the histological reaction induced by 
degradation products have not yet been solved, 
and this material can hardly meet the require- 
ments of the internal fixation of long-bone 
fractures. 

The Study of Stress-relaxation 
Bone Plates 

In the late 1980s, Korvick et al. [8] and Tomita 
et al. [9], in animal experiments, placed a sili- 
cone rubber cushion between the bone plate 
and the bone surface to lessen the effect of stress 
shielding on fracture healing, and put forward 
the concept of cushioned plate fixation. Jasmine 
et al. [10] in their studies also used a layer of 
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cushion made of polyethylene under the bone 
plate to relax the screws, and the cushion 
reduced the stress-shielding effect of the fixa- 
tion system. Unfortunately, the above- 
mentioned studies did not investigate the 
change of stiffness and the method of control, 
and no further application has been reported. In 
1994, Kostopoulos et al. [11] used 315LVM stain- 
less steel to design and make six-hole, two-part 
sliding plates (SP), and applied them to the 
fixation of osteotomized radius in sheep with 
dynamic compression plates (DCP) as controls. 
Free weight bearing was allowed after the oper- 
ation and the progress was observed for 2-24 
weeks. At different postoperative stages, the 
dynamic modulus of elasticity and static ulti- 
mate bending strength of the callus were mea- 
sured. The test results showed that the sliding 
plate, with its unique sliding mechanism, exerts 
stimulation of intermittent compressive load to 
the fracture site, thus promoting bone healing 
with callus of clearly better quality than that of 
the DCP group. This new design demonstrated 
the promising prospect of improvement in bone 
plate fixation devices. Further studies regarding 
the control of the extent of movement and the 
choice of duration and volume of weight 
bearing have yet to be carried out. 

In the 1980s, The Ninth People’s Hospital affil- 
iated to Shanghai Second Medical University 
and the University of Iowa, USA cooperated in 
the design and making of a stress-relaxation 
bone plate system (Figure 22.1), which incorpo- 
rates a traditional rigid bone plate with vis- 
coelastic washers capable of creeping in the 
screw holes. Animal experiments and in vitro 
observations [12,13,14] found that with the 
action of constant loading, creep and fatigue 
failure of the viscoelastic washers gradually took 
place with the lapse of time, and this gradually 




Figure 22.1 . Viscoelastic washers placed between screws and plate to 
form a stress-relaxation plate system. 



lowered the general stiffness of the bone plate 
system, or its stress shielding rate, leading to 
apparently less underplate resorption and disor- 
ganized bone structure than those of the rigid 
plate group. The bone plates with or without vis- 
coelastic washers had the same stress-shielding 
rate in the early stage, while the viscoelastic 
washers began to be creep and become damaged 
from the second week of fixation, and in 8-12 
weeks, the damage became evident, resulting in 
a statistically significant lowering of the stress- 
shielding rate of the bone plate system (Figure 
22 . 2 ). 

The results of experiments with New Zealand 
rabbits showed that in the early stage of bone 
plate internal fixation of the tibia following 
osteotomy, the stress-shielding rate was about 
70% both in the stress-relaxation bone plate 
group with cushions (SRP) and the rigid bone 
plate group without cushions (RP). Then, the 
rate gradually decreased in the SRP group and 
was markedly lower than that in the RP group 
within eight weeks post-fixation. In 36-48 weeks 
after surgery, the rate in the SRP group 
remained stable at around 27%, while in the 
RP group it remained between 65% and 70% 
(Table 22.1). 

Microscopic and transmission electron- 
microscopic observations showed that within 
two weeks after the operation, there emerged 
many functionally active osteoblasts and 
chondroblasts, expressing high levels of type I 
and type II collagen mRNA respectively (Figure 
22.3). By four weeks after the operation, more 
and more osteoblasts appeared without chon- 
droblasts; the level of expression of type I colla- 
gen mRNA also mounted to a peak. The active 
osteoclasts were also observed by then. Eight 
weeks after surgery, there were still many func- 
tionally active osteoblasts, osteoclasts, and 
expression of type I collagen mRNA. In week 24 
post-operation, normal osteocytes were found 
in the matrix of the healing site, while osteo- 
clasts were seldom present. However, in the RP 
group two and four weeks post-operatively, the 
number and functional activity of osteoblasts 
were already behind the SRP group, and in eight 
weeks the function of osteoclasts was active, 
accompanied by osteocytic osteolysis, which 
lasted until 24 weeks after surgery, indicating 





Figure 22.2. Viscoelastic washers seen under scanning electron microscope, a Preimplantation, the surface of the washer was smooth and even 
and regular traces of machining were visible (original magnification 400 x). b Four weeks post-implantation, the washer is deformed and split 
(original magnification 400 x). c Twelve weeks post-implantation, the washer is largely deformed and the surface is split into layers (original 
magnification 400 x). 



Table 22.1. Comparison of the stress-shielding rate of two kinds of 
plates (x±s,%) 



Time (week) 


SRP 


RP 


P Value 


0 


70.312.2 


71.412.9 


>0.05 


2 


68.715.2 


70.814.3 


>0.05 


4 


64.614.8 


68.114.6 


>0.05 


8 


54.913.7 


67.313.8 


<0.05 


12 


45.914.8 


68.415.0 


<0.05 


24 


31.813.2 


66.514.8 


<0.01 


36 


28.312.9 


65.713.3 


<0.01 


48 


27.211.7 


65.313.0 


<0.01 



the prevailing resorption process in the remod- 
eling stage. In addition, there was only the 
expression of type I collagen mRNA during the 
different periods after the operation, with levels 
of expression lower than that in the SRP group. 
Stress relaxation of SRP stimulated the differ- 
entiation of mesenchymal cells into osteoblasts 
and chondroblasts with high-level expression of 
type I and II collagen mRNA respectively, and 
benefited callus remodeling. 
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In the early stage of internal fixation, the 
changes in callus and in cortex structure 
beneath the plate were similar between the SRP 
group and the RP group; the collagen fibers in 
the callus were oriented in a disorderly pattern, 
and the cortical bone under the plate became 
thinner and resorption cavities could be seen 
there. In week 12 post-operatively, the callus in 
the SRP group started to transform to lamellar 
bone and the resorption cavities reduced in size; 
the osteoblasts lying on the surface of the 
cavities expressed and synthesized type I colla- 
gen mRNA and secreted type I collagen (Figure 




Figure 22.3, Two weeks after fixation of stress-relaxation plate, 
osteoblast lying on the surface of trabecular expressing collagen type I 
mRNA. In situ hybridization x 400. 



22.4), of which the array approached a regular 
pattern. In week 36 the resorption cavities vir- 
tually vanished (Figure 22.5A), the cortical bone 
became thicker, and the CT values were near 
normal. A different picture was seen in the RP 
group, where in week 12 the callus and resorp- 
tion cavities in the cortex under the plate con- 
tinued to grow in number and size, and finally 
turned into cancellization. The expression and 
synthesis of the collagen gene had always been 
rare and the cortical bone became thinner, 
accompanied by lower CT values. Bone resorp- 
tion was still evident in week 24~36, and the cor- 
tical bone was cancellated (Figure 22.5B). 

The three-point bending test of tibia speci- 
mens with the bone plate removed showed 
results in favor of the SRP group, of which the 
bending strength was 16.7% of normal in week 
two and rose to 93.6% in week 48. However, the 
improvement in bending strength in the RP 
group was rather slow: it was markedly lower 
than that in the SRP group in week eight (p < 
0.05), and only 58% in week 48 (p < 0.01) (Table 
22.2). These findings demonstrate that with the 
presence of the stress-relaxation bone plate 
system, the gradual lowering of the stress- 
shielding rate could lead to the recovery of the 
morphology, structure, and mechanical proper- 
ties of the bone (once porous) under the plate. 




Figure 22.4. Twelve weeks after fixation of stress-relaxation plate, the absorption cavities were surrounded by the positively stained collagen type 
I matrix. Immunohistochemistry x 100. 
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Figure 22.5 a 24-36 weeks after fixation of stress-relaxation plate, the absorption cavities were decreased in size and filled and repaired by bone 
tissue. Immunohistochemistry x 40. b 24-36 weeks after fixation of stress-relaxation plate, the absorption cavities were still evident and no repair- 
ing process could be found. Immunohistochemistry x 40. 



Table 22.2. Comparison of bending strength of bone under two kinds 
of plates (x±s,%) 



Time (week) 


SRP 


RP 


p Value 


2 


16.70 ±1.23 


16.38 ±1.73 


>0.05 


4 


45.24 ±4.42 


41 .24 ±5.71 


>0.05 


8 


58.90 ±7.50 


47.39 ±4.80 


<0.05 


12 


78.69 ±6.77 


64.46 ±7.19 


<0.05 


24 


88.38 ±9.36 


60.00 ±8.25 


<0.05 


36 


89.48 ±6.71 


58,23 ±5.91 


<0.01 


48 


93.63 ±5.24 


57.95 ±4.63 


<0.01 



In the RP group, however, the case continued to 
aggravate, and the porous change of the callus 
and the bone under the plate would be irre- 
versible unless the bone plate was removed [3]. 

Microangiography and vascular volume 
determinations revealed that both osteotomy 
and bone plate internal fixation could lead to 
regional ischemia in cortical bone[17]. In week 
2~4, the dilation of blood vessels arising from 
the medullary side could be seen in the tibia in 
both groups; these vessels invaded into the 
ischemic zone, which largely disappeared in 
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week 8~12. However, a difference was observed 
after 16 weeks. The vascular volume in the SRP 
group did not change further, while the vascu- 
lar dilation in the RP group proceeded, even 
with the formation of blood sinuses, causing the 
volume to further increase. The result was a 
statistically significant difference as compared 
with the SRP group. Obviously, the impairment 
to blood circulation in the early stage was rele- 
vant to trauma and surgery, while in the later 
stage the difference between the two groups was 
attributable to the increasing difference in the 
stress-shielding rate of the different bone plates 
employed in the two groups. 

The stress-shielding rate of the stress- 
relaxation bone plate was similar to that of the 
rigid bone plate in the early stage of fixation, 
acquiring the same stability of the fracture site 
in 8~12 weeks. The subsequent lowering of the 
stress-shielding rate was of benefit to the rever- 
sal of osteoporosis in the fixed segment and to 
the remodeling of callus. The speed of attenua- 
tion of the bone plate stress-shielding effect 
could be adjusted by the thickness and number 
of viscoelastic cushions. By adding a certain 
number of viscoelastic cushions of various 
thicknesses to the traditional bone plate 
systems, the total rigidity of the system could be 
gradually attenuated, without any alteration in 
the design of the bone plate itself, and without 
any additional surgical time and trauma. With 
negligible addition to the cost of surgery, the 
demand for firm fixation in the early days of 
fracture and for ample stress stimulation in the 
later stage could be met. Therefore, it is believed 
that the gradual decrease of rigidity brought 
about by the stress-relaxation bone plate system 
led to the gradual increase of mechanical 
strength at the fracture site almost synchro- 
nously, and facilitated the building up of an 
optimal and gradually changing mechanical 
environment in the fracture area, effectively 
preventing the onset of osteoporosis of bone 
plate origin and re-fracture. 

Selective Stress Shielding 

Selective stress shielding is another approach to 
solve the problem of osteoporosis of stress- 



shielding origin. The postulated mechanism is 
that the selective stress- shielding effect counters 
bending, torsion, and shear stress adequately, 
but counters compressive stress fractionally. As 
the latter can stimulate the remodeling of callus, 
the mechanical properties of the fracture site 
can be improved. The intramedullary nail is a 
striking example. But it further impairs the 
blood supply in the medullary cavity and its tor- 
sional strength has yet to be improved. In this 
respect, the shape memory alloy saw-tooth 
embracing fixator we developed can basically 
satisfy this requirement. 

The embracing fixator is made of Ni-Ti shape 
memory alloy, the strength of which is adequate 
to meet the requirements for internal fixation of 
a long bone shaft, and the elastic modulus at 
37 °C is only 54.18 Gpa (200 Gpa for 316L stain- 
less steel). Its shape memory effect makes the 
placement of the fixator during operation quite 
simple and ensures the maintenance of saw- 
tooth arms firmly embracing the fracture 
segment after surgery. 

The deformation temperature of the fixator is 
4°C and the recovery temperature 37 °C. For the 
operation, a fixator of the appropriate size and 
shape is chosen and immersed in disinfected ice 
water to reduce the temperature and to expand 
and open the arms. After reduction of the frac- 
ture, the fixator is implanted with the body of 
the fixator on the tension side, then a wet com- 
press with hot saline gauze is applied to raise the 
temperature. With the shape memory effect, the 
saw-tooth arms close, and by the recovery force, 
exerts a firm grasp on the distal and proximal 
ends of the fracture. 

In vitro mechanical analyses and in vivo 
animal experiments have been done to evaluate 
the embracing fixator [19]. In vitro experiments 
found that the difference in bending strength of 
the embracing fixator and the bone plate is not 
significant, but the compressive stress-shielding 
rate of the embracing fixator is markedly lower 
than that of the bone plate. While the torsion 
strength of the fixator is significantly higher 
than that of the intramedullary nail, no harm is 
done to the medullary blood vessels. Torsion 
experiments showed that the yielding torsional 
moment of the fixator is markedly higher than 
that of the intramedullary nail group, the ratio 
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of the averages being 6.85 : 1; but lower than that 
of the bone plate group, the ratio of the averages 
being 1:1.28, not much different. Animal 
experiments demonstrated that when fixed with 
an embracing fixator, the fracture shows satis- 
factory secondary union with the formation of 
a certain amount of outer callus. In addition, the 
disorganization of collagen fiber and the degree 
of bone resorption are lower than in the rigid 
bone plate group. The shape memory saw-tooth 
embracing fixator has been put to clinical use to 
treat fractures of the shaft of the femur, 
humerus, tibia, and other long bones, and is par- 
ticularly good for the fixation of periprosthetic 
fractures of the femur, the result of fixation 
being definite and reliable, and the placement 
and removal quite easy [20]. 

As the keynote of this book is devoted to the 
discussion of biomechanical and biological 
material problems in orthopedics and trauma- 
tology, this chapter directs our attention to the 
effect of the mechanical characteristics of inter- 
nal fixation on the treatment of fracture. The 
author would like to emphasize that the blood 
supply in the fracture area is the basic guaran- 
tee for the healing of fracture. When the blood 
supply in the fracture area is good, the mechan- 
ical environment of the fracture area will be of 
great importance to the quality of fracture 
healing and the mechanical properties of the 
bones. In the treatment of fracture, blood supply 
and mechanical conditions should complement 
each other. Only if both of them are managed 
can good results be achieved. 
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II - Tissue Biomechanics and Histomorphometry 

MB- Pathology of the Cartilage 
and Articular Physiology 




23 Cartilage Cells 

P. Frayssinet, J. L. Jouve, and E. Viehweger 



Cartilage is a specialized connective tissue 
consisting of a particular extracellular matrix 
which encases the cells or chondrocytes which 
synthesize it. It has a remarkably low cell density 
and is unable to heal when subjected to a lesion. 

The cartilage cells synthesize the extracellu- 
lar matrix (ECM) and organize its pattern. They 
originate from a common mesenchymal stem 
cell with osteoblasts, adipocytes, fibroblasts, or 
pericytes (Figure 23.1). Different kinds of carti- 
lage can be evidenced during development. The 
primary cartilage forms the template of the long 
bones. The secondary cartilage can be divided 
into hyaline, elastic, and fibrocartilage. 

The Cells of the 
Embryo Cartilage 

The cells of the primary cartilage are derived 
from the mesoderm in the case of the appen- 
dicular and spinal cartilage and from the neural 
crest for most of the bones of the head except 
for some which are of mixed origin [1]. 

The first stage is the migration of cells to the 
site of future skeletogenesis. The second is the 
tissue (epithelium-mesenchymal) interaction 
that results in cell condensation [2]. 

Condensation Zone 

This takes place in the mesenchyme when a 
previously dispersed population of cells forms 
aggregates. Patterning within condensations 
can be complex, forming more than one carti- 
lage anlage or bone element. Condensations also 
involve elevated levels of extracellular matrix 
or cell surface molecules such as hyaladherins. 



versican, tenascin, syndecan, N-CAM (neural- 
cell adhesion). Hedgehog proteins, heparan, and 
chondroitin sulfate [2,3]. 

Most of these non-tissue-specific molecules 
are stage specific and disappear in the next step 
of cartilage differentiation. Versican is a 
hyaluronic acid-binding chondroitin sulfate 
proteoglycan [4]. Syndecan is a cell surface 
proteoglycan receptor. Syndecan binds to ten- 
ascin which is a large glycoprotein binding to 
chondroitin sulfate proteoglycans [5,6]. N- 
CAM could mediate cell adhesion in pre- 
chondrogenic condensation [7]. 

Primary Cartilage 

This results from the synthesis of a cartilagi- 
nous extracellular matrix by the condensed 
cells. The cells are first dispersed at random 
in the extracellular matrix. The anlage is sur- 
rounded by a perichondral membrane. The cells 
of the anlage then become organized in 
columns, after which a zone of hypertrophic 
cartilage appears in the center of the diaphysis. 
Most of the hypertrophic cells die by apoptosis. 
This zone is then invaded by a vascular connec- 
tive tissue. Chondro clasts excavate a cavity in 
the chondral matrix and resorb the matrix 
between the hypertrophic cells. Mesenchymal 
cells then invade the cavity and synthesize an 
osteoid matrix at the surface of the cartilage 
matrix separating the previous hypertrophic 
cell columns. Two ossification fronts progress- 
ing from the diaphysis center toward the epiph- 
ysis are then organized (Figure 23.2). Five zones, 
resting, proliferating, maturating, hypertrophic, 
and ossification zones can be then evidenced at 
the front level. These five zones will be present 
in the subsequent growth plate once a second 
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center of ossification has formed in the epiph- 
ysis (Figure 23.2). 

The perichondral membrane is continued at 
the level of the epiphysis by a membrane which 
furnishes chondrocytes at its internal layer. The 
cells of the perichondral membrane directly 
form a layer of mineralized tissue at the mid 
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CFU-F 




Figure 23.1 . Origin of cartilage cells. 



diaphysis. This collar bone then progresses 
toward the epiphysis and enlarges by apposi- 
tion of several bone layers while the inner part 
is resorbed. Osteoprotegerin transcripts are 
detectable in the areas of ossification in the fetal 
cartilage. 

Growth Cartilage 

The growth plate is a primary cartilage zone 
persisting when the rest of the primary cartilage 
has been ossified. This zone is located at the 
junction between the primary and secondary 
ossification centers. The function of this carti- 
lage structure is to permit growth in bone 
length. Chondrocytic activity in the growth 
plate results in matrix calcification, and this cal- 
cified cartilaginous matrix becomes the scaffold 
for new bone formation by osteoprogenitor cells 
in the metaphysis. This structure is useful for 
the study of the chondrocyte differentiation as 
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Figure 23.2. Primary cartilage and ossification. 
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all the stages are present and grouped in spe- 
cialized zones depending on the differentiation 
stage. Five different zones can be evidenced 
between the epiphysis and the metaphysis. The 
first is the rest zone, in which the chondrocytes 
are uniformly dispersed. This layer is irregularly 
shaped and the cells proliferate supplying the 
following zone with chondrocytes. These cells 
have very long cell-cycle times compared to cells 
in the proliferative pool [8,9]. Cells with the 
characteristics of stem cells are contained in this 
zone. A subpopulation of cells forming a thin 
cell layer close to the proliferative zone which 
have different lectin staining abilities (Con A, 
RCA-I) are probably made of stem cells [10]. 

The proliferative cell zone contains cells, from 
the beginning of clonal expansion, until the cell 
exits the cell cycle and begins terminal differ- 
entiation. The number of cells in the prolifera- 
tive zone is positively correlated with the rate of 
growth [11]. However, it is not clear whether all 
the cells divide or how many times. The number 
of cells involved in the proliferative zone differs 
over time and in different growth plates growing 
at different times. 

The cells of the transition zone are spatially 
distal to the last chondrocytes that incorporate 
BrdU on pulse labels but spatially proximal to 
cells demonstrating the morphologic changes 
consistent with the rapid volume increase of 
cellular hypertrophy [12]. 

Buckwalter et al. and Hunziker et al. [13,14] 
have demonstrated that there is a strong corre- 
lation in the hypertrophic zone between cell 
hypertrophy and growth rate. Moreover, the 
height of the chondrocytes increases more than 
the width. Directed shape change accompanying 
volume increase is a major determinant of 
overall growth production. The fate of hyper- 
trophic cells is unclear. There are many argu- 
ments indicating that most of these cells die 
by apoptosis. Other authors have suggested that 
some of them could transdifferentiate into 
bone-forming cells. It is possible that hyper- 
trophic cells could undergo an asymmetric divi- 
sion, one cell being able to transdifferentiate, the 
other dying by apoptosis [15]. The hypertrophic 
cells in the lower part of the hypertrophic zone 
initiate a mineralization of the cartilage matrix 
(Figure 23.2). 



In the ossifying zone, the mineralized carti- 
lage is resorbed by osteoclasts forming columns 
of cartilage perpendicular to the growth plate. 
Bone-forming cells adsorb at the surface of 
these columns and synthesize a bone extracel- 
lular matrix. A vascular invasion occurs in the 
ossifying zone between the cartilage columns. 
A variety of angiogenic factors are expressed in 
the growth plate including members of FGF and 
TGF-j8 families, IGF-1, EGF, PDGF-A, Cyr61, and 
transferrin. Their importance and role is not 
known. 

Hypertrophic chondrocytes synthesize VEGF 
and the administration of mFlt(l-3)-IgG which 
sequesters this protein and makes it inactive 
results in a considerable expansion of the hyper- 
trophic zone and the arrest of length growth in 
postnatal mice [16]. The hypertrophic chondro- 
cytes in the expanded hypertrophic zone are 
not apoptotic. VEGF, produced by hypertrophic 
chondrocytes, recruits endothelial cells which 
induce and maintain blood vessels. These blood 
vessels bring in chondroclasts, osteoblasts, and 
pro-apoptotic signals. 

The hypertrophic chondrocytes of the growth 
plate also synthesize osteoprotegerin ligand 
(OPGL) which induces osteoclast differentiation 
and activates osteoclasts [17]. 

Articular Cartilage 

This results from disappearance of the primary 
cartilage due to the progression of ossification 
in the secondary ossification center occurring in 
the physis. It can be compared to the growth 
plate cartilage. The hypertrophic and matura- 
tion zones are identical. There is no rest zone. 
Instead, a perichondral membrane furnishes 
cells to the underlying zones which do not show 
clearly oriented columns. In the adult cartilage, 
four zones from the articular surface to the 
subchondral bone can be evidenced [18]. 

The superficial zone consists of two layers: 
the first is a sheet of fine cell-free fibrils, the 
lamina splendens, and a deeper sheet of flat- 
tened chondrocytes synthesizing a matrix rich 
in collagen fibrils parallel to the joint surface, 
which provides great tensile strength and 
increases the resistance to shear forces. 
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Table 23.1. Noncollagenous proteins of the cartilage. The effect of the gene mutation is known in certain cases 



Protein 


MW 


Human mutation phenotype 


Presumed role 


CDMP-1 (GDF5) 




Acromesolic chondrodysplasia 
Chondrodysplasia, brachydactyly 


Close to BMP 5 and 6, stimulates the 
production of proteoglycans 


CD-RAP 


12 


Unknown 


Unknown 


Chondroadherin 


36 


Unknown 


Promotes chondrocyte attachment to plastic 
dishes 


Chondrocaldn 


35 


No specific defects but loss of C-terminal 
region by a frameshift mutation results In 
arthro-ophtalmopathy 


Negative feedback on the biosynthesis of 
type II collagen 


Chondromodulin 1 


18-24 


Unknown 


Potentialization of F6F-2 effect on 
chondrocytes, Inhibition of proliferation of 
endothelial cells 


Chondromodulin II 


16 


Unknown 


Enhancement of chondrocyte and osteoblast 
proliferation, promotes osteoclast 
differentiation 


CILP 


915 


Unknown 


Unknown 


CLECSF1 


18 


Unknown 


Unknown 


CMP/matrilin 1 


148 


Unknown 


Immobilization of chondroitin sulfate- 
containing proteoglycan fragments after their 
release by aggrecanase 


COMP 


320 


Pseudoachondroplasia 




Pleitrophin 


18 


Unknown 


Enhancement of neural outgrowth in 
developing neurons, stimulation of 
angiogenesis in tumors 


PRELP 


55-58 


Unknown 


Cartilage-specific gene regulation 


PARP 


24 


Unknown 


Unknown 


Matrix 61a protein 


8.5 


Unknown 


Maintenance of calcified matrix 



The transitional zone, which is several times reserve and hypertrophic zones of the growth 
thicker, contains spheroid chondrocytes. In the plate as does the proportion of chondroitin-6 
middle (radial) zone, the spheroid chondrocytes sulfate disaccharides [19]. 
align in columns. A thin basophilic line consti- Large, intact aggregates may inhibit cartilage 
tutes the interface between the uncalcified and matrix mineralization in the growth plate 
the calcified matrix. The chondrocytes in the [20,21]. Their enzymatic degradation can 

calcified zone separating the radial zone from suppress this protective role [22]. There is elec- 

the subchondral bone are smaller. tron microscopy evidence that aggregate size 

decreases in the hypertrophic zone [23]. 

, Cartilage also contains nonspecific and 

Tn0 ExtrSCGlIuldr Mdtnx specific noncollagenous molecules [24] (Table 

23.1). The nonspecific molecules include 
Cartilage can be considered as aggregates of the members of the TGF-j8 and FGF families. The 
chondroitin sulfate proteoglycans, aggregan, specific protein and glycoprotein contents of the 
trapped within a mesh of collagen fibrils that are cartilage vary with time and location. Their role 

comprised of type II and low amounts of type is often unknown and not unique. For example, 

IX and XI collagens. The structure and role of matrix GLA protein, a y-carboxy glutamic acid- 

aggregans in joint tribology have already been rich, vitamin K-dependent and apatite-binding 

largely described and are not the subject of this protein, is a regulator of hypertrophic cartilage 

paper. Aggregans and aggregates of the epiph- mineralization during development and can 

ysis and physis have the same composition and block endochondral and intramembranous 

structure as aggregans and aggregates from ossification in the chick limb [25]. 

other cartilage. The size of aggregan chon- The extracellular matrix can be divided into 
droitin-6 sulfate chains increases between the two different sectors. The pericellular matrix 
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Figure 23.3. Paracrine, autocrine, and systemic factors active on the chondrocytes at different stages of their maturation. 



surrounding the chondroblast cavity is rich 
in proteoglycans, noncollagenous proteins 
(anchorin CII), and nonfibrillar collagens (type- 
IV collagen) [26]. The chondrocyte, together 
with this pericellular region and a surrounding 
capsule, is termed the chondron. Chondrons 
are rich in proteoglycan and type II, VI, and IX 
collagen [27,28]. 

Studies of isolated chondrocytes with their 
surrounding matrix showed that application 
of a stress to the chondrocyte in situ produced 
large changes in shape and cross-sectional area 
and modifications in collagen orientation which 
recovered after removal of the compression 
[29,30]. 

The interterritorial region exhibits a more 
parallel orientation of the collagen fibrils of 
largest diameter. 

Autocrine and Paracrine Factors Active 
on the Cartilage Cells (Figure 23.3) 

The extracellular matrix of the cartilage con- 
tains many autocrine and paracrine factors, 
most of which are growth factors. TGF-j8 has 



been found to be a potent mitogen for growth 
plate chondrocytes [31]. The mitogenic 
response increases with the chondrocyte matu- 
ration [32]. In nonhypertrophic chondrocytes, 
the dose-response curves are biphasic at high 
dosage. TGF-j3l and j82 also stimulate pro- 
teoglycan synthesis. In vivo, FGF2 inhibits long- 
itudinal bone growth [33]. FGF2 stimulates 
proliferation in the perichondrium and inhibits 
it in the proliferative, epiphyseal, and hyper- 
trophic chondrocytes [33]. FGF2 is synergisti- 
cally mitogenic with TGF-j3 [34,35]. FGF2 is the 
most potent stimulator of TGF-j3 secretion by 
growth plate chondrocytes. TGF-j8 also regu- 
lates PTHrP expression in chondrocytes from 
growth plate or epiphysis of chicken embryo 
[36]. 

BMPs stimulate growth plate chondrocyte 
maturation. BMP6 has a major role in this 
process. It is expressed by sternal chondrocytes 
prior to type X collagen expression. Isolated 
growth plate chondrocytes committed to 
undergo maturation express BMP6 [37]. BMP7 
can reverse the suppressive effect of PTHrP on 
maturation and is localized to human hyper- 
trophic cartilage. BMP7 was shown to regulate 
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chondrocyte maturation in the growth plate. 
Regulation of BMP7 by retinoic acid may be 
important in normal growth [38]. BMP2 acts 
on pre- and post-condensation chondrogenesis. 
BMP2 promotes chondrogenesis and leads to 
the accumulation of extracellular matrix [39]. 
BMP4 is present in condensing mesenchyme 
of limb buds [40]. BMP5 deficiency prevents 
age-related decelerations in chondrocytic 
proliferation and the initiation of hypertrophic 
differentiation [41]. GDF5, which belongs to a 
new subgroup of the BMP family, stimulates 
primary cartilage development. The response 
is stage dependent [42]. 

Growth plates are sensitive to vitamin D [43]. 
24,25-(0H)2D3 affects less mature cells, particu- 
larly those in the resting zone [44]. l,25-(OH)2D3 
affects activity in the maturation and upper 
hypertrophic cartilage [44]. Receptors are 
present for both vitamin D. Cartilage cells can 
synthesize their own 25-(OH)2D3 [45]. Growth 
plate cells of different species respond to 1,25- 
(0H)2D3 by going further in maturation. TNF-a 
can induce apoptosis of chondrocytes in vitro 
and inhibits the differentiation of stem cells into 
chondrocytes [46]. 

Midkine is a heparin-binding growth/differ- 
entiation which is expressed by hypertrophic 
chondrocytes. It increases the synthesis of sul- 
fated glycosaminoglycans, aggregan, and type II 
collagen when transfected into ATDC5 chon- 
drogenic cells [47]. Connective tissue growth 
factor (CTGF) is a member of an emerging 
family of extracellular proteins known as the 
CNN family, characterized by significant 
sequence homology and the conservation of 
all 38 cysteine residues. Recombinant CTGF 
protein promotes the proliferation, maturation, 
and hypertrophy of cultured chondrocytes [48]. 
Moreover, rCTGF induces the adhesion, prolif- 
eration, and migration of vascular endothelial 
cells. Furthermore, it stimulates the prolifera- 
tion and differentiation of cultured osteoblastic 
cells [49]. 

Systemic Factors 

In the 1950s, Ray et al. [50] evidenced the role of 
thyroid and growth hormones in the regulation 
of longitudinal bone growth and maturation in 



the proximal rat tibia. It was suggested that 
thyroid hormone increased maturation of the 
secondary center of ossification. It was then 
demonstrated that, in vitro, the administration 
of thyroid hormone increased type X collagen 
secretion, alkaline phosphatase activity, and cel- 
lular hypertrophy [51-53], which are markers of 
growth plate cell maturation. 

IGF-I has been shown to be capable of stim- 
ulating skeletal growth [54]. IGF-II was less 
active. IGF-I appears to mediate most of the 
actions of the growth hormone on the growth 
plate [55]. IGF-I and II exert a synergistically 
mitotic effect on the growth plate chondrocytes. 
IGF-I and FGF2 seem to have an additive effect 
on this mitotic activity and other factors such as 
EGF could modulate this action [56,57]. 

PTH and PTHrP show a mitogenic effect on 
growth plate chondrocytes, a selective suppres- 
sion of type X collagen expression, and 
stimulation of proteoglycan synthesis [58-60]. 
PTHrP has been shown to be produced by 
various cell types such as periosteum and 
perichondrium. 

Retinoic acid has been shown to be necessary 
for chondrocyte maturation [61]. 

Influence of Physical Factors 
on the Chondrocytes 

Mechanical Stimulation 

Insufficient or excessive mechanical loads may 
induce cartilage degeneration both on articular 
and growth cartilage. Mechanotransduction 
may be resolved into extracellular factors such 
as cell and matrix deformation, hydrostatic 
pressure, fluid flow, and streaming potential. 

Although very different systems were used 
to perform the experiments on overloading of 
the growth plate, it seems that: 

One early change in chondrocyte metabolism 
consists of a reduction in the rate of DNA 
synthesis [62]. 

This results in a decreased number of chondro- 
cytes in the growth plate [63]. 

The extent of cellular hypertrophy may be 
reduced together with the number of hyper- 
trophic cells [64]. 




Cartilage Cells 



225 



The growth potential of the physis will be 
restored after removal of the presence of the load. 

It seems, however, that the effects on cell metab- 
olism depend on the magnitude of the load 
applied to the growth plate. 

At the articular cartilage level, abnormally 
high physical loads initiate proteoglycan degra- 
dation, increase chondrocyte metabolism, and 
result in joint destruction. The chondrocyte 
reaction to hydrostatic pressure depends on 
culture conditions and testing regimens. Cyclic 
hydrostatic pressure (5 MPa) decreases sulfate 
incorporation in the chondrocyte monolayers 
when applied at 0.0167, 0.05, 0.25, and 0.5 Hz. It 
stimulates sulfate incorporation when applied 
to cartilage explants at 0.5 Hz. The duration of 
application also has an influence. Twenty 
seconds or five minutes of compression (5- 
15 MPa) stimulates sulfate and proline uptake in 
adult bovine cartilage. At 30 MPa, continuous 
but not cyclic hydrostatic pressure alters the 
chondrocyte Golgi apparatus and decreases 
proteoglycan synthesis [65]. Dynamic strain at 
0.3, 1, or 3 Hz produced a significant reduction 
in nitrite (NO) production [66] by chondro- 
cytes, NO being able to influence metallopro- 
teinase activity, apoptosis, and cytoskeletal 
organization in these cells. 

Electric and Magnetic Fields 

The flow of ions through the extracellular 
matrix produced a number of electrokinetic 
phenomena. The endogenous electric current 
densities produced by mechanical loading 
under physiologic conditions were approxi- 
mately IHz and O.l-l.OmA/cm^. Exogenous 
applied electric fields have been widely used to 
stimulate bone and cartilage formation in vivo. 
The response of the skeletal tissue to electric 
and magnetic stimulations may be influenced 
by several variables such as amplitude, fre- 
quency and exposure duration or intensity, 
and magnetic induction. 

Electric stimulation can lead to the secretion 
of various growth factors by different cells, the 
TGF-/3 family is particularly involved. Electric 
stimulation can be obtained by three different 
techniques: direct current (DC), capacitive cou- 



pling (CC), and inductive coupling (IC). IC is 
interesting for biological systems because it 
does not require any physical contact. A current- 
carrying coil produces a time-varying magnetic 
field that induces a secondary electric field in 
the biological sample according to Faraday’s 
laws. IC produces a temporal acceleration and 
quantitative increase in chondrogenesis. Sub- 
sequent studies have demonstrated that IC 
fields promote chondrogenic differentiation and 
cartilage maturation. These studies employed 
a very wide range of current characteristics: 
between 1 and 100 Hz and ImG and IG [67- 
69]. 

Using IC stimulation of rabbit chondrocytes 
at 15.4 Hz and 2 G, Hiraki et al. demonstrated an 
increase in sulfate incorporation, enhancement 
in cAMP levels, and ornithine decarboxylase 
activity [70]. Two studies related the exposure 
duration of a 60 kHz CC field to cAMP, prolifer- 
ation and sulfate incorporation in bovine 
growth plate chondrocytes. Cell proliferation 
was evidenced with a field strength of 1.5 to 
3.0 X 10“^V/cm. Higher and lower fields did 
not produce stimulation [71]. Short-term expo- 
sure (up to 5mn) increased cAMP levels four- 
fold over the control but longer exposure (10-20 
mn) did not increase cAMP levels [72]. 

The effects of EMC fields on cartilage and 
endochondral bone formation are unclear 
despite the fact that these effects exist, prob- 
ably because the characteristics of the applied 
EMC differed considerably in each experiment. 
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Articular cartilage (AC) has a bland macro- 
scopic appearance that belies its complex struc- 
ture. Loss of this tissue by early wear or 
traumatic injury can have severe health conse- 
quences for the patient and economic conse- 
quences for the community. In certain 
circumstances this tissue may be replaced. 
Before considering replacement of this tissue it 
is essential to have an understanding of normal 
cartilage structure and biomechanics and to 
evaluate the biomechanics of the joint into 
which the tissue is to be placed. 

AC plays a vital role in the musculo-skeletal 
system, performing several different mechanical 
functions. It provides an almost frictionless 
surface in synovial joints [1]. It deforms under 
load, thereby increasing the contact area and 
reducing the contact stress that is applied to the 
cartilage itself and to the underlying bone. This 
deformation is associated with energy transfer 
and dissipates some of the energy associated 
with load transfer [2]. 

Cartilaginous tissue behaves as a fiber-rein- 
forced composite material containing two dis- 
tinct phases: a solid phase made up of two 
structural molecules (collagen and proteogly- 
can) and cells and a fluid phase containing water 
and solutes (ions and nutrients). The highly 
complex biomechanical behavior is determined 
by the elaborate construction of the extracullar 
matrix. With these solid and fluid elements the 
matrix behaves in a biphasic way and this 
concept is central to an understanding of carti- 
lage biomechanics. 



Structure and Function of 
Articular Cartilage 

Composition of Cartilage 

Normal AC consists of chondrocytes which 
account for approximately 10% of the wet 
weight of AC. These highly specialized metabol- 
ically active cells are responsible for the devel- 
opment and maintenance of the extracellular 
matrix (ECM). They have a limited ability to 
replicate and are unable to migrate to adjacent 
areas of cartilage as they are effectively trapped 
in the matrix they produce. The incapacity of 
the cells to migrate to damaged areas has impor- 
tant implications for the repair process of carti- 
lage and this will be discussed later. 

Collagen is the most abundant macromole- 
cule in the ECM and accounts for 10-30% of its 
wet weight. The collagen, mostly type II, is dis- 
persed throughout the ground substance in the 
ECM and is formed by three polypeptide chains 
that have strong covalent cross-links. Collagen 
fibers are thin and slender and therefore alone 
offer little resistance to compression forces. 
They are, however, very strong in tension and 
are responsible for providing the tensile prop- 
erties of articular cartilage. 

The orientation of the collagen fibers differs 
at different depths of AC. In the superficial 
zone the collagen fibers are densely packed 
and run parallel to the articular surface. 
In the intermediate zone the fibers are ran- 
domly orientated and in the deep layer the 
fibers are orientated perpendicular to the 
surface layer and anchor the matrix to 
the tidemark region and subchondral bone plate 
(SBP). 
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Proteoglycans make up the second largest 
group of macromolecules in the ECM and 
account for 5-10% of the wet weight. They 
consist of extended polysaccharide units called 
glycosaminoglycans which are attached by 
covalent bonds to a protein core. A globular 
region at the end of the protein core binds to 
hyaluronan, facilitated by a specialized link 
protein. Via this mechanism, large numbers of 
proteoglycans, known as aggrecans, aggregate to 
form large macromolecules with molecular 
weights of the order of 20,000. These large mol- 
ecules become mechanically entrapped within 
the meshwork of collagen fibrils forming a 
strong porous-permeable composite. This rep- 
resents the solid phase of cartilage structure. 

Proteoglycans contain repeating sulfate and 
carboxylate groups along their chains, which 
become negatively charged when placed in an 
aqueous solution. This creates a high fixed 
charge density within the AC. The dense con- 
centration of negatively charged proteoglycans 
exerts a large swelling pressure which is resisted 
by the tensile stress on the surrounding collagen 
network. The balance of expanding total 
swelling pressure exerted by the proteoglycans 
and the constraining tensile force within the 
collagen network determines the degree of 
hydration in cartilage. 

Disruption of this balance by damage to 
either component causes an increase in tissue 
hydration and significantly alters the ability of 
the cartilage to bear load [3,4]. 

Biomechanical Behavior 

AC consists of a fluid component within a solid 
porous-permeable matrix. This biphasic nature 
profoundly influences its mechanical behavior 
when loaded. When loaded, a pressure gradient 
acts on articular cartilage causing the fluid 
(water and ions) to flow through the solid, per- 
meable matrix, generating a large frictional drag 
on the matrix [1,5-7]. The resulting transfer of 
load between the solid and liquid phases and 
pressurization of the interstitial fluid give rise to 
the predominant mechanical properties of AC. 

AC is permeable and fluid may flow through 
it [8,9]. Permeability is a measure of the ability 
of fluid to flow through a porous-permeable 



material such as an ECM and is inversely pro- 
portional to the frictional drag exerted by the 
fluid [10]. The matrix of AC generates very large 
drag forces at very small flow speeds. The resist- 
ing drag forces associated with interstitial fluid 
flow appears to be the major mechanism for the 
load response of AC. 

The permeability of AC varies in a non-linear 
way with the applied load (and thus the gener- 
ated strain). Thus, as the cartilage is compressed 
under load, fluid extrudes from it and this 
reduces the pore size and permeability of the 
ECM. As the permeability of the ECM decreases 
the drag forces on fluid movement increase 
[10-13]. 

The overall result of this is to provide AC with 
a self-protective mechanical feedback mecha- 
nism which stiffens the cartilage by limiting 
rapid fluid flow in response to high and increas- 
ing load. 

The fluid flow through the solid matrix of car- 
tilage is responsible for its viscoelastic behavior, 
which has important implications for cartilage 
function. Viscoelasticity is defined as the time- 
dependent response of a material that has been 
subjected to a constant load or deformation. 
This behavior is exhibited as creep and stress 
relaxation. Creep occurs when a material under- 
goes constant loading. Typically, the material 
responds by initially deforming rapidly and 
then deforming more slowly over time. This 
time- dependent deformation continues until 
equilibrium is reached. When a viscoelastic 
material undergoes constant deformation it 
typically responds with high initial stress which 
progressively diminishes with time. This time- 
dependent stress response is known as stress 
relaxation. 

AC has been shown to exhibit both creep 
and stress-relaxation behaviors which are 
due to fluid-flow-dependent and fluid-flow- 
independent mechanisms [1,2]. 

As AC is compressed it undergoes volumetric 
change, which causes a pressure gradient in the 
tissue and results in the flow of interstitial fluid. 
This flow through the porous ECM causes the 
generation of a significant frictional resistance 
within the tissue. 

The biphasic nature of AC may be quantified 
by describing the three major forces which act 
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to balance the externally applied load at the 
surface. The externally applied load at the 
surface will be balanced by 1) the stress devel- 
oped within the solid phase, 2) the pressure 
developed within the fluid phase, and 3) the fric- 
tional drag due to fluid flow through the solid 
phase. The interaction among these three forces 
gives rise to the viscoelastic effects exhibited in 
AC. The significance of the creep response is 
that when the joint is loaded for a long period 
of time, the contact area will greatly increase 
with time, spreading the compressive load over 
an ever-increasing area. During this phase the 
cartilage interstitial fluid is extruded into the 
joint space, creating a natural circulation 
required for cell nourishment and providing a 
source of lubricant for fluid film lubrication. 

An applied load is balanced, initially by the 
compressive stress of the ECM and the frictional 
drag of the extruding fluid; significant fluid 
pressurization transmits the load to the sub- 
chondral bone (SCB). Fluid extrudes from the 
cartilage and deformation increases, leading to 
increased stress developing in the solid matrix. 
When the stress within the matrix eventually 
balances the applied load both fluid flow and 
deformation cease and the tissue is in a state of 
mechanical equilibrium. 

The compressive forces applied to AC gener- 
ate significant tensile forces within the solid 
phase of that tissue. These tensile stresses are 
known as hoop stresses as they resemble the 
force applied by the hoops of a barrel to keep 
the barrel contained [14]. The network of colla- 
gen fibers in the ECM are the primary determi- 
nants of the tensile behavior of these tissues and 
therefore the orientation of the collagen 
network influences their tensile behavior. Typi- 
cally, collagenous fibrous tissues show non- 
linear tensile loading deformation. Initially, 
a small load causes a large deformation, pro- 
bably as the collagen fibers uncrimp and assume 
a more uniform orientation. As the collagen 
fibers eventually become taut and assume a 
uniform orientation, they continue to absorb 
the tensile load, but in a linearly elastic way 
[15,16]. The orientation of the collagen fibers 
varies at different depths of AC and therefore 
the tensile properties will also vary at different 
depths. 



Shear stress occurs when forces are applied 
parallel to the surfaces of a material. Although 
the predominant load on AC is compressive, sig- 
nificant shear stresses are developed within the 
tissue, particularly in the deep zone near the 
tidemark. These stresses can be particularly 
damaging at the junction of zones of different 
cartilage stiffness. For example, at the junction 
of the soft AC and the harder SCB these shear 
forces can be very high, leading to the interrup- 
tion of this interface [17-19]. The overall stiff- 
ness of AC in shear is directly proportional to 
the amount of collagen in the tissue [20]. 

When AC is damaged there is an increase in 
its water content from the average normal of 
60-85% to greater than 90% [21-23]. The 
increase in water content in turn has a great 
effect on the permeability, fluid flow, and thus 
the compressive stiffness of AC [7,24,25]. These 
changes reduce the ability of articular cartilage 
to bear load and to dissipate the energy pro- 
duced by loading the joint. The increase in 
hydration when accompanied by damage to the 
collagen network and loss of the tensile stiffness 
of AC in the superficial zone is the initial step in 
an irreversible progression of cartilage degen- 
eration. The swelling behavior of AC is caused 
by the interaction between its fixed charge 
density, caused by the fixed negative charges on 
the keratin sulfate and chondroiton sulfate mol- 
ecules and the ionic constituents of the synovial 
fluid [11,26,27]. In order for the cartilage to 
remain electro-neutral, a large number of coun- 
terions must be present within the ECM. 

The resulting ionic concentration in the artic- 
ular cartilage is higher than in the surrounding 
synovial fluid. This excess of ion particles 
within the matrix creates a pressure referred to 
as the Donnan osmotic pressure, and fluid will 
flow into the tissue to maintain osmotic equi- 
librium [6,10,27]. 

Swelling of AC also arises from the repulsion 
between closely spaced, negatively charged 
sulfate and carboxyl groups fixed along the 
chondroitin sulfate and keratin sulfate groups. 
This effect, the chemical-expansion stress, also 
depends on the internal concentration of ions in 
solution floating around the proteoglycans, 
because these ions shield the charged groups 
from interacting with each other. The total 
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swelling pressure in cartilage is therefore equal 
to the sum of the chemical expansion stress and 
the Donnan osmotic pressure [11,12,28]. 

Cartilage Wear and Injury 

Diffuse Wear 

Throughout a lifespan of many decades most 
diarthrodial joints are subjected to millions of 
load cycles and, despite this, show little or no 
evidence of wear [29,30]. Simple cyclical wear 
does not account for many instances of AC 
damage and other factors are likely to be 
operating. Cartilage possesses an effective 
mechanism to protect itself from cyclical 
loading and it is likely that the biphasic nature 
of cartilage is the centerpiece of this protective 
mechanism. 

Obesity plays a role in the development of 
osteoarthritis as epidemiological studies indi- 
cate [31]. This may act simply by abnormally 
increasing the loads to which the joint is sub- 
jected. Alternatively, there may be a common 
biological mediator leading to obesity and joint 
degeneration although none has yet been iden- 
tified. Immobility of joints can lead to 
osteoarthritis. Experimental immobilization of 
dog limbs has been shown to lead to composi- 
tional change, mechanical change, and thinning 
of articular cartilage [32]. 

Sport as a risk factor is controversial. The 
repetitive loading associated with activities 
such as running have not been associated with 
an increased incidence of osteoarthritis in the 
knee. The degenerative changes associated with 
particular sports such as soccer and football 
more likely relate to specific damage to the 
articular surface with or without associated 
ligament damage. These focal articular cartilage 
defects are dealt with in detail in the next 
section. 

A further mechanism of accelerated wear is 
when damage occurs at or near the junction of 
cartilage and calcified cartilage-subchondral 
bone. Cracks in this area lead to rapid fluid 
exudate when the cartilage is loaded and 
therefore greatly increased stress in the solid 
matrix. 



Focal Articular Lesions 

Mankin [29] classified AC lesions as impact 
injuries and lacerations. Impact injuries 
involved the SCB and were dose dependant. Lac- 
erations were superficial or deep. Deep lacera- 
tions involved the SCB and healed by a 
mesenchymal cell-generated, fibrous repair 
which ultimately broke down, whereas super- 
ficial lesions remained dormant, neither pro- 
gressing nor undergoing repair. This latter 
concept was based on the experimental work of 
Meachim [33] in rabbits, where articular carti- 
lage was incised. The clinical situation in humans 
is not analogous, however. Although lacerations 
do occur, they are usually iatrogenic. Traumatic 
lesions are usually abrasions not lacerations and 
fray at the margins, releasing AC fragments into 
the joint. Grande et al. [34] have demonstrated 
that in rabbits, superficial AC lesions do progress 
by shredding, inducing a synovitis eventually 
leading to the development of osteoarthritis by 
the production of lysomal enzymes by the 
inflamed synovium. AC fragments can induce AC 
breakdown directly [35]. Clinically, 50% of ado- 
lescents with unipolar, single-compartment AC 
lesions developed joint- space narrowing at 14 
year follow-up [36] Osteochondritis dissecans of 
the medial femoral condyle results in moderate 
to severe arthritis in 32% [37]. Anterior cruciate 
ligament (ACL) deficient knees develop degen- 
erative changes [38,39]. 

Focal lesions of articular cartilage in the knee 
joint arise from a number of different mecha- 
nisms (Table 24.1). Many of these lesions occur 
in young individuals and are quite distinct from 
isolated lesions seen in conjunction with 
osteoarthritis [40]. 

Table 24.1 . Etiology of focal articular cartilage lesions 

Direct Trauma Secondary Idiopathic 

Shear Pateiiofemorai disease 

Acute 
Chronic 

Impact Ligamentous injuries 

ACL, PCL, Collaterals 
Acute 
Chronic 

Intra-articular fractures Meniscal tears 
Lunge lesions 
Osteochondritis dissecans 
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The increased recognition of early lesions by 
arthroscopy and improved magnetic resonance 
imaging, together with the increased develop- 
ment and intensity of sports in the last decade, 
have led to a resurgence of interest in joint 
resurfacing techniques. Curl et al. [41], in a ret- 
rospective survey of 31,516 arthroscopies, found 
that 5% of patients under the age of 40 had 
unipolar lesions with exposed SC bone on the 
medial femoral condyle (MFC). Approximately 
10% of acute hemarthroses are associated with 
full-thickness chondral defects [42]. 

Classification of AC Defects 

Walker [43] reviewed the histological and macro- 
scopic systems which had been developed for 
grading AC defects. Most of the histological 
systems are based on animal studies [44-47] and 
the macroscopic systems on human postmortem 
studies [48,49] . These studies are at best descrip- 
tive, semiquantatitive, and reliability is rarely 
given [43]. 

Mankin et al. [50] devised a histological system 
based on structure, cells, Safranin-0 staining 
and tidemark integrity. They also introduced a 
scoring system with 0 as normal cartilage and 
12-15 as severely disrupted. This is the best and 
most widely used of the histological grading 
systems, but its value is mainly as a research tool. 

The most widely used classification system 
for the classification of AC defects in clinical 
practice is that described by Outerbridge [51]. 
He graded AC defects into four groups accord- 
ing to macroscopic appearance: 

Grade 1 Blister 

Grade 2 Fissures and clefts <1 cm^ 

Grade 3 Fissures, clefts, and flaps >1 cm^ 
extending to subchondral bone plate 
(SBP) 

Grade 4 SBP exposed 

This classification is very useful for treatment of 
AC defects, because it differentiates those 
lesions which are likely to require surgical treat- 
ment and which treatment is most appropriate, 
where size is a major consideration. 

The International Cartilage Repair Society, 
founded in October, 1997, formed a working 



group at the First International Symposium in 
Freibourg, Switzerland to develop a consensus on 
a classification system for AC injuries and repairs. 

A Cartilage Standard Evaluation Form/Knee 
[52,53] classes AC defects into four grades; 
Grade 1, (normal) to Grade 4, (severely abnor- 
mal). The following information is recorded: 

Size, depth, location and condition of defect and 
opposing surface. 

Pre and post debridement measurements. 

Patient history including a patient self- 
assessment sheet. 

Objective assessment by surgeon. 

X-ray and MRI findings. 

Harvest site pathology. 

Evaluation of tissue repair based on macro- 
scopic arthroscopic appearance: 

Degree of filling. 

Marginal integration. 

Macroscopic appearance tissue analysis. 

Hopefully, this form will be used by those car- 
rying out AC resurfacing and will allow com- 
parison between different treatments. 

Other Methods of Evaluation of AC 

Although clinical and arthroscopic evaluations 
remain the mainstay of assessing AC repair, bio- 
mechanical testing and MRI are alternative tech- 
niques, which are less invasive. Indentometers 
can measure physical characteristics of AC and 
repairs, but are expensive and not totally reliable. 

Ultrasound probes may be able to give more 
accurate information [54]. Development of new 
MRI techniques have greatly facilitated the ability 
to image AC and will aid in both the diagnosis of 
AC defects and evaluation of repairs. According to 
Bobic, it may soon be possible to distinguish 
between hyaline and fibro cartilage [54] . 

Treatment of Focal Articular 
Cartilage Defects 

The lack of a blood supply, the inability of cells 
within a rigid matrix to move to the site of 
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Table 24.2. Current clinical repair techniques for focal AC defects 



Bone Stimulation 


Autologous Tissue Grafting 


Allografting 


Scaffolds 


Drilling 


Perichondrium 


Osteochondral blocks 


Synthetic 


Open Abrasion 


Periosteum 


Osteochondral shells 


Biological 


Arthroplasty 


Meniscus 






Arthroscopic Abrasion 


Autologous Chondrocyte 




Carbon Fiber 


Arthroplasty 


Implantation (ACI) 






Microfracture 


Osteochondral Autografting 




Seeded 



(OCG) 

Bone Paste 



injury, and the limited potential of chondro- 
cytes to proliferate greatly limits the process of 
repair [35,52]. William Hunter in 1743 [55] rec- 
ognized that damaged AC had a poor capacity 
to heal. 

Two fundamental steps are required in the 
treatment of focal AC defects: stabilization and 
repair. Stabilization, by removing loose frag- 
ments from the margins of defects using 
mechanical instruments or shavers, reduces the 
debris load in the joint and improves symptoms 
by reducing synovitis [56]. However, as Jackson 
[57] pointed out, the effects are short-lived and 
symptoms recur within two years. 

Repair of the defect can be achieved utilizing 
one of two basic concepts; bone marrow stimu- 
lation or transplantation of autogenous or allo- 
genic tissues. With bone marrow stimulation 
techniques the subchondral bone plate is 
breached, allowing undifferentiated mesenchy- 
mal cells to enter the defect and participate in the 
healing process. With transplantation of auto- 
genous or allogenic tissue, well-differentiated 
chondrocytes are grafted into the area to 
participate in the healing process. However, the 
majority of these techniques except autologous 
chondrocyte implantation (ACI) breach the 
subchondral bone plate, allowing mesenchymal 
cells to also enter the area. 

The currently clinically available techniques 
are listed in Table 24.2. Experimental tech- 
niques, many of which have not as yet been used 
in humans, are discussed later. 

All repair techniques aim to produce a stable 
tissue where large aggrecan molecules can be 
synthesized long-term and are attached to a 
classic Type II collagen matrix and be integrated 
to the pre-existing matrix. The complexity of 
this tissue has been previously discussed and no 



technique has thus far been completely success- 
ful in achieving this goal [58]. 

Bone Stimulation Techniques 

Drilling the SBP was first described by Pridie 
[59] in 1959. This allowed a fibrin clot to form 
in the defect which was later invaded by tissue 
containing mesenchymal cells, derived from the 
bone marrow. Penetration of the SBP was 
required [60]. Insall [61], reporting on 62 pro- 
cedures performed by Pridie, found good results 
subjectively in 77% and objectively in 64%. In 
adult rabbits the defect was filled with tissue 
resembling fibrocartilage and the repair was 
never complete [62]. Spongioplasty [63], where 
the subchondral bone was abraded, and abra- 
sion arthroplasty [64,65] are modifications of 
the original drilling technique and gave encour- 
aging results in the short term. However, Altman 
et al. [66] concluded that in animals, the repair 
tissue was not ideal and unlikely to last, partic- 
ularly with large defects and in older adults 
[65,67]. Gillogly et al. [68] stated that numerous 
reports with these techniques indicated that 
results deteriorated over a short period postop- 
eratively. The results were better in patients less 
than 40 years of age [69]. 

Steadman [70] introduced the procedure of 
microfracture, which is another variant of the 
Pridie procedure. All abnormal AC is removed, 
including the calcified zone. The SBP is pre- 
served but penetrated with an awl. He reported 
his experiences with 235 consecutive patients at 
the ICRS meeting in Boston, 1998 [54]. Follow- 
up was from two to 12 years. At seven years, 75% 
of patients had less pain and 20% had similar 
pain prior to surgery. No further surgery was 
required in 92%. Gill [54] presented a prospec- 
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tive series of 103 patients treated by micro- 
facture at the same meeting. All patients were 
athletes and aged under 35; one third of the 
repairs were performed within three months of 
injury. Average follow-up was six years when 
the “defect score” was 75 compared to 45 
preoperatively. 

In 40 second-look arthroscopies, 50% had 
“normal” cartilaginous material, the remainder 
having variable amounts of regeneration. 
Results were better with small, acute, isolated 
lesions. Steadman claims that the results are 
better than other penetration procedures 
because the awl does not necrose bone and the 
microfracture augments the healing response. 
The strict postoperative program, emphasizing 
continuous passive motion (CPM) [71] and 
restricted weight bearing, allows tissue regener- 
ation. Salter demonstrated that CPM augmented 
healing of small defects in rabbits [72]. 

This technique, if it can be shown to be supe- 
rior to other penetration techniques, is an 
attractive option because it can be performed 
arthroscopically, is readily available, and is rela- 
tively inexpensive. It would, therefore, be par- 
ticularly indicated in small, primary lesions in 
the young, seen in association with acute liga- 
mentous injuries. 

Tissue Grafting 

A variety of tissues with chondrogenic potential 
have been used to repair AC defects and are 
listed in Table 24.2. 

Periosteum has been used to repair AC 
defects in animals [73,74,75] and in a small 
number of human studies [3,76,77] where the 
results have been disappointing in the long term 
with 75% fair or poor results at eight-year 
follow-up for the MFC [78] and 64% with 
increased pain at nine years after patellar graft- 
ing [76,79]. O’Driscoll and Salter [74,75] 
demonstrated that healing of 3 mm defects on 
the rabbit trochlea was improved with the use of 
CPM. This has been supported clinically with 
periosteal grafting to the patella [80]. 

O’Driscoll reported his experience with a 
small number of human autologous periosteal 
grafts at the Annual AAOS meeting in 1997 
[81,82]. He emphasized the importance of pre- 



serving the cambium layer by careful dissection. 
The subchondral bone plate was penetrated and 
the graft was sutured to the base of the defect 
with the cambium layer facing upwards into the 
joint. Only nine of 16 patients had satisfactory 
clinical results. However, Jaroma and Ritsila 
(1987) found experimentally that the orienta- 
tion of the cambium layer made no difference 
[83]. 

Perichondrium as a source of chondrogen- 
esic tissue is logical and reduces donor site mor- 
bidity. Numerous experimental studies have 
been performed, mainly in rabbits, and the 
ability to fill AC defects with tissue resembling 
hyaline cartilage and containing Type II col- 
lagen has been frequently demonstrated 
[4,84,85,87,88,96]. Coutts et al. [88] achieved 
effective chondrogenesis in 60% of defects in 
rabbit knees, but experienced problems with 
adherence of the graft to the base of the defect. 
They have not reported on use of their tech- 
nique clinically. Homminga [89] implanted 
perichondrial grafts in 25 human knees with 30 
defects. Arthroscopically, 90% of the lesions 
were filled at three to nine months but ossifica- 
tion occurred in 2/3 of the grafts by two years. 
Minas and Nehrer [90] also had failures due 
to ossification and delamination in 70%. 
Bouwmeester et al. reported only 43% effective 
results when perichondrium was implanted and 
fixed with fibrin [91]. 

The undoubted chondrogenic potential of 
periosteum and perichondrium, the low donor- 
site morbidity, the ability to cover large defects, 
the cost effectiveness, and the opportunity to 
add growth stimulants such as TGFjSl [81] make 
the use of these tissues attractive. Periosteum 
seems to be more effective than perichondrium 
[81,92]. Results in humans have been variable, 
however. This may be due to graft damage 
during tissue handling [81,93,94], poor fixation 
of the graft [79,88], or ossification of the graft in 
the long term [89,90]. Sumen et al. have used 
meniscal pads experimentally [95] and clini- 
cally [96] and demonstrated chondrogenesis. 

Brittberg et al. [97] pointed out that many of 
the experimental studies using periosteum and 
perichondrium have been carried out in small, 
immature animals. Breaching of the SBP in most 
studies makes interpretation of the results diffi- 
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cult and may be responsible for the ossification 
seen clinically. At present, despite the potential 
advantages, periosteal and perichondrial grafts 
do not seem to be an appropriate clinical 
solution. 

Other techniques using meniscal fragments 
[93] and bone paste [94] as sources of cartilage 
cells have been described. 

Autologous Chondrocyte 
Implantation (ACI) 

AC chondrocytes were first isolated in tissue 
culture in 1965 [98]. A series of studies between 
1971 and 1982, mainly in the United Kingdom, 
demonstrated that chondrocytes could be suc- 
cessfully cultured and transplanted into AC 
defects [99-102]. Aston and Bentley [103] 
implanted cultured allograft chondrocytes into 
AC defects in rabbit knees. 

At one year, 64% were successful, the failures 
due to inadequate fixation rather than rejection. 
The problem of fixation was overcome by a 
group in Gothenberg who developed a tech- 
nique of culturing autologous chondrocytes 
in rabbits and implanting them beneath a 
periosteal flap, sewn to the margins of the defect 
[104]. They found that one year after implanta- 
tion into rabbit patellae, 82% of the defect was 
covered by cartilage-like tissue, compared to 
19% coverage in control defects. They claimed 
that the matrix was largely type II collagen on 
the basis of polarized light microscopy [34]. 
Brienan et al. [105] were unable to confirm 
regeneration of articular cartilage beneath 
periosteal flaps in dogs without ACI. The 
Gothenberg group applied this technique to 
humans and published their results in 1994 
[106]. The procedure is performed in three 
stages. 

Cartilage tissue is removed from the knee at 
arthroscopy. Cells are isolated by mincing the AC 
and digesting the matrix with collegenase. The 
cells are then cultured in flasks containing autol- 
ogous serum as a monolayer over a period of 14 
to 21 days, resulting in a tenfold increase in cells. 
At a second open operation the defect is excised 
removing all damaged tissue, leaving intact ver- 
tical margins. A periosteal flap taken from the 



tibia or the femur is then sewn over the defect 
with the cambium layer facing into the defect and 
the margins sealed with fibrin sealant. After 
testing the integrity of the seal, the chondrocyte 
suspension is injected beneath the flap and the 
final sutures and sealant placed. Care is taken not 
to violate the SBP to prevent bleeding and migra- 
tion of mesenchymal cells from the bone 
marrow. Twenty- three patients were treated with 
a mean age of 27 years with follow up from 1.5 to 
5.5 years, with a mean of 3.25 years. Sixteen 
defects were on the MFC (three osteochondritis 
dissecans [OCD]) and seven on the patella. The 
results were assessed clinically and arthroscopi- 
cally. At two years, 14 of the 16 patients with MFC 
lesions had good or excellent results clinically 
and at arthroscopy, the defects were filled with 
whitish tissue level with the articular surface, 
which was firm on probing. Biopsy of 15 of the 
16 femoral grafts showed an intact surface in 
11 with a hyaline appearance with positive 
immunological testing for Type II collagen. The 
results for the patella were not so good, with two 
good or excellent, three fair, and two poor, clini- 
cally. The arthroscopic and biopsy findings were 
correspondingly worse than the MFC lesions. In 
a subsequent presentation to the A.A.O.S. in 
Atlanta in 1996 [107], Peterson stated that he had 
treated 300 defects in 251 patients. At two to 
seven year clinical follow-up of 47 procedures in 
44 patients, isolated MFC lesions (19) were 
improved in 84%, MFC lesions with ACL lesions 
(9) in 71%, and patellar lesions(16) in 63%. The 
comment was made that correction of patello- 
femoral joint biomechanics had improved the 
results for the patella. In a further presentation 
to the 2nd International ICRS Semi Annual 
Meeting [30] in 1998, Peterson reported on a 
larger series. Good or excellent clinical results 
were seen in the following sites in the knee: Iso- 
lated MFC 90%; MFC + ACL 74%; OCD 84%; 
Patella 69%; Trochlea 58%; Salvage/Multiple 
75%. 

He also presented a long-term follow up 
assessment of a subset of 38 patients, 31 of 
whom had good or excellent results at two years. 
At subsequent reviews, 5-10 years after surgery, 
30 of the 31 still had good or excellent results, 
suggesting that the repairs were effective in the 
long term. Peterson et al. [108] recently pub- 
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lished their results of the first 101 patients 
healed by ACI using their techniques. Ninety- 
four patients were reviewed with 2-9 year 
follow-up. The results were similar to previous 
reports. Graft failure occurred in 7%. Graft 
hypertrophy was seen in 26 of 53 arthroscopies, 
7 of which were symptomatic. The symptoms 
resolved after trimming. Biopsy of 37 repairs 
showed type-Il collagen in a hyaline matrix. 

Minas [109] reported a series of 70 patients, 
aged between 14 and 55 years (mean 35.8) with 
defects ranging in size from 1.5 to 21 cm^ treated 
by ACT The knees were classified as simple, 
involving the femoral condyles, complex, involv- 
ing the PFJ or tibia or where an associated bio- 
mechanical procedure was required and salvage 
where there was early evidence of OA or a 
bipolar lesion was treated. An average of two 
defects per knee were treated. Significant 
improvement was seen in WOMAC scores at 12 
months and knee society scores at two years for 
the whole group. The simple and complex 
groups recovered quicker and had better out- 
comes than the salvage group. 

There were five treatment failures in the 
whole group; three of these had falls in the post- 
operative period, resulting in delamination and 
the other two developed adhesions. 26 compli- 
cations required surgical intervention in the 
first eight months for periosteal adhesions or 
graft hypertrophy or for joint stiffness. These 
results are short term but the overall clinical 
success rate of 93% in a difficult group of 
patients is encouraging. 

The importance of correcting associated bio- 
mechanical abnormalities, particularly in more 
advanced disease, cannot be overemphasized 
[68,90]. Gillogly [68] treated 53 defects in 41 
knees ranging in age from 14 to 52 years with an 
average of 36.2. Nineteen of 41 patients had con- 
comitant biomechanical procedures; 12 of 13 
PFJ grafts had antero-medialization of the tibial 
tubercle. Follow up was short at one year (25 
patients) but 88% rated as good, very good, or 
excellent using the Knee Society or Modified 
Cincinnati Scores. Volume 5 ACI International 
Cartilage Repair Registry Report, February, 
1999 [110] recorded information from 583 sites 
in the USA, Europe, and Israel. Ages ranged 
from 15 to 55 years in 97% with an average of 



35 years where 71% had had prior surgery. 
Ninety percent of the defects were on the distal 
femur where the average size was 4.6 cm^. Follow 
up was three years for 40 patients, two years for 
220, and one year for 55. Eighty percent of 
patients with MFC lesions were improved, 90% 
reported no adverse effects, and 9% required 
re-operation, 3% for arthrofibrosis and 2% 
for hypertrophy. Robinson et al. [Ill] demon- 
strated that MRI imaging studies in eight 
patients followed for six months to five years fol- 
lowing ACI had defects filled with tissue having 
similar signal characteristics to cartilage. 

The advantages of ACI are that it utilizes 
autologous cells, produces a hyaline cartilage 
repair in humans [104,1 12], and can be used for 
large defects. Good results have been reported 
in a number of series [54,68,90,10,107,113]. The 
disadvantages are that it requires two opera- 
tions, one of which is open, and the use of a 
sophisticated sterile laboratory. The donor site 
is relatively innocuous but is an invasive proce- 
dure. The technique requires an intact SBP and 
surgical access can be difficult. The technique is 
demanding and needs to be meticulous. 

The cost is significant although it varies from 
site to site. Failures have been due to graft 
hypertrophy, graft displacement [113], or, par- 
ticularly in the patello-femoral joint, failure to 
correct associated biomechanical problems. 
Lesions on the MFC heal better than lesions on 
the patella and tibia [52]. Graft displacement 
can be independent or due to the early use of 
CPM, if the graft is proud [80]. Suturing may 
cause damage to the surrounding AC [104]. 

These results for ACI are very encouraging 
but as Newman [35] points out, lack of controls, 
randomization and outcome analysis, and lack 
of biochemical and biomechanical data are a 
matter for concern. These concerns were also 
voiced by Messner and Gillquist [114]. Graft fix- 
ation remains an issue. The great advantage is 
that if the procedure fails the patient is not bio- 
logically worse off compared to those tech- 
niques that breach the SBR 

Osteochondral Autografting 

Wirth and Rudert [115] stated that osteochon- 
dral autografting (OCAG) for AC defects in the 
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knee had been reported in the German litera- 
ture in the 1930s with a 30% failure rate. 
Matsusue et al. in 1993 [116] described a patient 
where three 5 mm autogenous osteochondral 
grafts were used to repair an AC defect on the 
MFC in association with an ACL reconstruction. 
Arthroscopy at two years revealed an effective 
repair. Outerbridge et al. [117] used the lateral 
patellar facet to resurface the MFC for OCD and 
reported improved symptoms in 10 patients at 
an average follow up of 6.5 years. Hangody first 
reported his technique of osteochondral 
mosaicplasty in 1994 [118]. In this technique, 
small cylindrical osteochondral grafts up to 
5.5 mm diameter are harvested from the periph- 
ery of the trochlear and inserted into the pre- 
pared recipient site. The holes in the recipient 
site are prepared with a drill guide to keep the 
drill holes 1 mm apart and perpendicular to the 
articular surface. The grafts are then introduced 
into the prepared holes by finger pressure and 
gently tapped home. Bobic [119] has used this 
method arthroscopically in 12 patients with 
defects from 10 to 22 mm with 10 excellent 
results at one year. Hangody presented results of 
113 of a total of 473 procedures with a three- 
year follow up at the ICRS meeting in Boston in 
1998 [54]. An average of eight grafts were used 
for each defect; 27% were performed arthro- 
scopically. Associated procedures were per- 
formed in 78%. Average modified HSS scores 
were 91.1. 

OCAG has the advantages of being readily 
accessible, cost effective, and feasible as an 
arthroscopic procedure. The problems of rejec- 
tion and disease transmission are eliminated. 
The early results seem good up to three 
years. The donor site is a major concern; the 
procedure creates two osteochondral defects to 
treat a chondral defect and is a classical case of 
robbing Peter to pay Paul. There are real possi- 
bilities that aggressive harvesting could lead to 
SBP collapse or OA. There is also concern that 
the transplanted cartilage could undergo degen- 
eration as Czitrom [120] has shown in osteo- 
chondral allografts; this may be aggravated by 
the tapping necessary to seat the plugs. Con- 
touring is a problem on the femoral condyles, 
which limits the method to small defects 20 mm 
in diameter, and the cobblestone surface may be 



abrasive [121]. Finally, the gaps between the 
plugs and the walls of the defect fill with fibrous 
tissue and it remains to be seen whether this will 
undergo metaplasia to hyaline cartilage in the 
long term. 

Osteochondral Allografting 

Osteochondral allografts may be used as joint 
replacements [122] or as shell allografts. Lexer 

[123] first reported the use of osteochondral 
shell allografts to treat articular cartilage 
injuries in 1925, with a success rate of 50% in 
23 patients with upper limb injuries. 

Since then the technique has been limited in 
North America to a small number of centers. 
Long-term follow up studies from Toronto 
[124,125,126] in 100 patients demonstrated suc- 
cessful results in 75% at 5 years, 64% at 10 years, 
and 63% at 14 years. Results were improved 
when fixation was adequate and an unloading 
osteotomy was performed. Survival rates for 
unipolar grafts were much better than for 
bipolar grafts. Bugbee and Convery [127] 
reported a success rate of 86% with unipolar 
lesions and 53% with bipolar grafting in 92 
knees with a two-year follow up. Collapse of the 
bone graft was a major cause of failure in the 
Toronto series [128]. 

Garrett [129] also ascribed failure to collapse 
and fragmentation of the bone in a series of 
patients with OCD, where the success rate was 
85%. 

Despite these encouraging reports, this 
method has been used relatively infrequently. 
Fresh allograft has been shown to be superior to 
frozen material due to diminished chondrocyte 
viability in the latter [128,130]. The use of fresh 
allografts makes procurement difficult [131] 
and creates the possibility of disease transmis- 
sion [127,132]. Although the risk of disease 
transmission is 1 : 1,600,000 in properly 
screened and tested donors, a case of HIV trans- 
mission has been recorded [133]. The early 
problems with fixation have been largely over- 
come by innovative techniques, specifically 
designed for each site [134]. Sepsis (5-10%) 

[124] is also a significant problem. 

Rejection is not a major issue with these shell 

allografts as AC is “immunologically privileged” 
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Table 24.3. Experimental scaffolds for AC defects 






Biodegradable Synthetic 


Biodegradable Natural 


Non-biodegradable 


Seeded Scaffolds 


Polyglycolic acid (PGA) 


Collagen sponge 


Nylon 


Collagen sponge 


Freed, 1994 [135] 


Speer, 1979 [136] 


Kuhns, 1993 [137] 


Nixon, 1993 [164], Sams & Nixon, 1995 [146], 
Sams et al. 1995 [147], Fujisato, 1996 [149] 
Collagen gel 
Wakitani,1989 [138] 


Polyurethane 


Fibrin clot 


Carbon fiber 


PGA 


Klompmaker,1992 [165] 


Palettaetal.1992 [140] 


Minns & Flynn, 1978 [153], 
Minns etal. 1982 [139] 


Ruuskanen, 1991 [167],Vacanti,1991 [143], 
Freed, 1993 [144], Freed, 1994 [135], 
Ratcliffe,1998 [54] 

PLA 

Freed, 1993 [171], Chu, 1995 [142] 


Polylaaic acid (PLA) 




Dacron 


Carbon Fiber 


von Schroeder, 1991 [138] 


Meniscus 
Sumen,1995 [95] 


Messner,1993 [166] 


Brittberg et al. 19% [97], Robinson, 1993 [168] 
Hyaluronic acid 
Robinson, 1990 [171] 



and the reaction to the bone is considered to be 
clinically insignificant [133]. Cell viability, 
although well maintained initially, does reduce 
to 37% at six years, Czitrom [120], Finally, cost 
is a significant factor as it is with all major allo- 
grafting procedures. At present, osteochondral 
allografting should be limited to major lesions 
which cannot be treated with other methods 
where bone and cartilage loss coexist or as a 
salvage procedure where other techniques have 
failed. 

Scaffolds 

The use of scaffolds to replace AC defects seems 
an attractive idea, particularly in view of the 
structured matrix of AC originally described by 
Benninghoff [8] and the need to retain the cells 
in the defect [100]. There has been considerable 
experimental work and a small number of clin- 
ical studies using scaffolds. Scaffolds are classi- 
fied in Table 24.3. 

The techniques in Table 24.3 are experimen- 
tal. Studies using scaffolds alone have been 
disappointing [95,135-140,165,166]. 

With seeded scaffolds the results have been 
more encouraging, with filling of defects with 
hyaline-type tissue containing variable amounts 
of type II collagen. Some biocompatibility prob- 
lems with the carrier have occurred [141]. Chu 
et al. [142], using PLA, reported that type II col- 
lagen only comprised 19% of the matrix. 
Vacanti’s group in Boston [143] developed a 



three-dimensional mesh of PGA containing cul- 
tured chondrocytes, which has been able to gen- 
erate a hyaline cartilage repair. Freed and his 
colleagues [135,144] seeded tissue-cultured 
chondrocytes into scaffolds of PGA and PLA 
and inserted them as disks into nude mice, 
where they retained their original shape or as 
implants into AC defects in adult rabbit knees, 
where filling of the defects was achieved and 
where the results were better than with PGA 
alone. PGA was more effective than PLA. The 
incorporation of allogenoic cultured chondro- 
cytes into PGA scaffolds has been further devel- 
oped at The Advanced Tissue Sciences 
Laboratory in San Diego, USA where the com- 
posites are produced in bioreactors which 
produce better-quality grafts [35,54,145]. Skin 
composites are already being used for skin 
grafting clinically [54]. 

These tissue engineering techniques are 
exciting and offer tremendous potential for the 
future. Freed et al. [135] pointed out that seeded 
scaffolds produce a hyaline cartilage repair, are 
better than a scaffold alone, theoretically can 
cover large areas, and have structural integrity 
which make them easier to handle, allowing an 
arthroscopic insertion [76]. They can also act as 
a carrier for growth factors which can acceler- 
ate repair [62]. In animal studies to date the con- 
structs have been press-fitted into small defects, 
leaving the SBP intact. However, in larger 
animals, problems have been encountered with 
fixation without breaching the SBP. In large 
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defects in horses allogeneic chondrocytes in 
collagen scaffolds fared no better than controls 
[146,147]. Marginal integration has not 
occurred [54]. Cost is a significant factor with 
these implants. 

Hunziker and Rosenberg [148] reported the 
use of tissue growth factors such as TGF-jSl to 
recruit mesenchymal cells from the synovium 
and produce a repair in AC defects. They also 
used chondroitinase ABC to digest the host 
matrix to enhance integration. Growth factors 
have been used by others to enhance repair 
[81,149]. Evans [54] has suggested that gene 
therapy may be used both to promote tissue 
growth and repair and prevent cartilage degen- 
eration as an adjunct to cartilage repair 
procedures. 

Mesenchymal repairs using fracture callus 
[150], osteochondral paste [151], or bone mor- 
phogenic collagen mesh have been used clini- 
cally and may be more appropriate in treating 
osteochondral defects. 

Carbon Fiber Resurfacing 

The Matrix Support Prosthesis (MSP) was 
developed to provide a strong, biocompatible 
scaffold which was porous and allowed host 
ingrowth [152]. The MSP was constructed 
with multi-directional fibers to simulate the 
Benninghoff arcades and is available as rods 
or pads. Studies in rabbits showed that the 
MSP was biocompatible and induced a repair 
which was superior to untreated defects in 
controls [139,153]. Clinical studies [152,154- 
158] on patients treated with carbon fiber resur- 
facing (CFR) for AC defects revealed good or 
excellent results in 77 to 91% subjectively and 85 
to 90% objectively. Pongor [156] independently 
analyzed Bentley’s series where MSP pads were 
used to resurface lesions on the MFC and the 
patella. 

No associated biomechanical corrections 
were carried out. The overall results were 71% 
good or excellent subjectively and objectively. 
However, 10/11 results for OCD lesions on the 
MFC were good or excellent, whereas on 
the patella, only 6/17 were good or excellent. The 
poor results for the patella in this study cer- 
tainly influenced the overall result and may have 



been due to non-correction of maltracking or 
the use of pads rather than rods for the larger 
lesions. Similar poor results were reported for 
the patella with pads and without biomechani- 
cal correction [159]. Peterson [107] found that 
his results for ACI on the patella were improved 
when he corrected PFJ biomechanics. 

We have recently reviewed 128 knees treated 
with MSP rods and pads at an average follow up 
of 22.6 months. The ICRS score (max. 12) for the 
AC repairs were: MFC 10.5; LFC 9.8; Trochlea 
9.9; Patella 9.4. Repairs with rods on the MFC 
were 95.1% Grade 1 or 2 compared to 89.7% for 
patellar rods. The results were significantly 
better for the patella when realignment and 
anteriorization were carried out (96.7% cf. 
66%). Pads on the patella fared worse than rods 
in the mechanically corrected group. Small 
lesions fared better than large lesions but there 
was no difference in patients aged above and 
below 40 years. 

CFR is an effective method of resurfacing AC 
defects. Rods are more effective than pads and 
correction of biomechanics improves the 
results. The repair is initially by mixed fibrous 
and fibro-cartilaginous tissue, but a biopsy in a 
patient eight years following surgery showed 
hyaline cartilage. 

CFR implants are biocompatible [160] and 
readily available, sterility is not an issue and 
only one procedure is required. It is less age- 
dependent and is suitable for all surfaces. Very 
large defects can be treated. The disadvantages 
are the cost of the implant and the fact that in 
most cases a fibrous repair occurs which may, 
however, ultimately change to hyaline cartilage. 
As Coutts has pointed out [54], it may not be 
necessary to achieve a hyaline articular cartilage 
repair to achieve a good result. Reactive synovi- 
tis with MSP implants does not appear to be a 
problem [54,154,155]. Carbon fiber has been 
used as a scaffold loaded with chondrocytes and 
produced results superior to PGA and controls 
when implanted into AC defects in rabbits [97]. 

Rehabilitation 

Most authors have recommended a period of 
non-weight bearing between six and twelve 
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weeks combined with early movement. Some, 
such as Steadman, insist on CPM. Return to 
sport varies widely between three and twelve 
months. Apart from the studies by O’Driscoll 
and Salter on CPM, there is little evidence to 
support which program is best. Rehabilitation 
will often be determined by the associated pro- 
cedure; each patient requires a specific program. 

Loading does appear to be essential to main- 
tain healthy articular cartilage but the physio- 
logical limits are not defined [43]. A program 
combining early movement utilizing CPM and 
intermittent loading with the unloaded periods 
predominating the early phase should be the 
basic tenet [43]. Passive motion should be com- 
bined with gentle traction to avoid compression 
of the treated surfaces. Eccentric loading should 
be avoided [43]. Isometric exercises, performed 
at angles that do not engage the AC lesion, are 
recommended to improve muscle function. 
Shear loading to the joint surfaces that have 
been repaired should be avoided [161]. 

The Future 

Tissue engineering with hormonal and genetic 
manipulation [162] is the way for the future. 
Major strides have been made in the last decade 
in the area of joint resurfacing and with the 
new technologies that are emerging, further 
progress will proceed rapidly to help to over- 
come what is likely to become an epidemic in 
future years. Ideal constructs should be bio- 
absorbable and be inserted arthroscopically 
[52]. There are still a number of unsolved prob- 
lems: Can results from animal experiments be 
applied to humans [162]? Are free cells prefer- 
able to cells in scaffolds? Are bio-absorbable 
scaffolds preferable? Should the SBP be pene- 
trated and what are the best methods of fixa- 
tion? We require more information on the 
significance of defect size, site, and whether 
some donor sites are preferable. Is donor site 
morbidity significant and can bipolar lesions be 
treated? The role of CPM needs to be defined 
and precise rehabilitation protocols established. 

Reproduction of normal articular cartilage 
that is able to withstand normal mechanical 
loading is a goal that may never be fully 



achieved. It is imperative to correct any under- 
lying biomechanical abnormality that would 
lead the joint to abnormal loading conditions. 
Patient selection is paramount; these techniques 
are applicable to focal defects and will rapidly 
fall into disrepute if used to treat joints where 
the disease is too advanced [163]. Disease pro- 
gression is a devastating event. 
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Revision arthroplasty of the hip and large-scale 
excision due to tumors are reasons for large 
losses of bone [1-3]. The head of the femur 
can only be replaced by a bone graft [4]. Only 
autografts are osteo-inducing and, when assim- 
ilated, have undeniable mechanical properties 
[5]. However, the amount that can be removed 
is limited [6] and other solutions have to be 
sought when massive reconstruction of the 
acetabulum [7] and of the proximal femur [8] 
are needed. 

Massive allografts make muscle refixation 
easier [9] and provide the volume of bone 
needed for reconstruction of the loss of sub- 
stance [10,11], which is why we prefer them 
to massive metal prostheses [12]. However, 
their biological characteristics, their fragility on 
exposure to fatigue stresses [13,14], and their 
immunological properties [15-17] are subjects 
for discussion. Since 1982, we have been using 
massive grafts preserved in the Bone Bank in 
Marseilles. 



Etiologies 

In all cases it was a question of replacing large 
losses of bone, either due to tumors [18], infec- 
tion [19], or after repeated loosening of total hip 
prostheses. 

Tumoral Etiologies 

Chondrosarcomas 
Fibrosarcomas 
Ewing’s tumors 
Plasmocytomas 



Rhabdomyosarcoma 
Giant cell tumor 

Infectious Etiologies 

Echinococcosis 

Sepsis 

Hip Reconstruction after 
Revision Surgery 

Acetabulum 
Proximal femur 

Allografts 

All the grafts were taken from subjects who were 
brain dead. The bone grafts were removed 
under the same aseptic conditions as for any 
orthopedic operation. The team which removed 
the graft recorded the nature of the graft, its 
size, its side, and the presence or otherwise of 
tendon insertions. Once it has been frozen in a 
bag containing a cryoprotector and antibiotics, 
the graft is no longer visible. It is a block of ice 
which can no longer be identified other than by 
measuring radiographs. 

Surgical Techniques 

Reconstructions of the Pelvis 

The surgical technique has always been the 
same. Only the methods used to anchor 
implants have evolved, resulting in osteosynthe- 
sis being more rigid. 
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Patient Position 

The patient is laid in a % dorsal decubitus posi- 
tion with a support on the controlateral, antero- 
superior iliac spine and another on the upper 
lumbar spine, opposite the second lumbar ver- 
tebra. The controlateral leg is flexed and immo- 
bilized by sparadrap. The homolateral leg is left 
free so that it can be mobilized. 

Approach 

We have described a wide approach [20] allow- 
ing the whole of the hemi-pelvis to be excised. 
The same approach was selected for more 
limited excisions in its useful part. The incision 
was started in the inguinal region taking the 
vessels into account, then extended downwards 
and upwards: 

downwards, towards the homolateral ischium, 
along the inguinal crease, reaching the contro- 
lateral pubic region, then following the base of 
the thigh up to the tuberosity of the ischium. 

upwards, along the crural arcade up to the 
antero-superior iliac spine. 

It continues along the superior border of the 
iliac wing up to two finger-breadths inside 
the sacroiliac joint, to descend vertically to the 
tip of the sacrum. A vertical incision is made 
ascending in a Y, branched at the postero-supe- 
rior angle of the posterior incision, climbing 
along the transverse apophyses of the lumbar 
vertebrae, allowing a wide approach to the 
lumbar region, if needed. 

Dissection 

The operation starts by dissecting the femoral 
and iliac vessels which are located on sacs, then 
the spermatic cord and crural nerve which are 
protected by the psoas (the sac takes the psoas 
and the crural nerve together). The peritoneum 
is usually easily detached from the psoas and 
iliac muscles, because the tumor pushes back 
the muscle masses and only at a very late stage 
does it invade these muscles and adhere to the 
peritoneum. 

The pubis is then freed of its muscle inser- 
tions, and the bladder, detached from the pubis, 
is pressed back with the peritoneum. The pubis 



has to be dissected right up to the controlateral 
obturator opening. The hypogastric artery and 
veins are dissected and severed where they 
bifurcate. Ligating them does not lead to any 
problems in the urogenital or rectal regions. 
This vascular stage and particularly the venous 
stage is often long and difficult with the tumor 
projecting over the vessels. 

The lumbar and sacral nerve roots are dis- 
sected up to their origin in the spine. Nerves 
coming into contact with the tumor or con- 
tained within it have to be severed. 

There has to be no doubt about the quan- 
tity of malignant tumor excised, as if even the 
smallest amount of neoplastic tissue were to 
remain in the periphery of a nerve or a vessel, 
the tumor would definitely recur at the site, 
resulting in this large-scale surgery being in 
vain. 

Dissection is generally difficult on the ante- 
rior surface of the sacrum. Meticulous hemo- 
stasis of the presacral vessels has to be achieved 
and the lumbar arteries and veins have to be 
ligated unilaterally, as required, which will make 
it easier to mobilize the primitive iliac vessels, 
to push back the nerve roots, and will facilitate 
access to the anterior and posterior surfaces of 
the ala of the sacrum. 

The muscles attached to the iliac wing are 
cut depending on the site of the tumor. The 
iliac muscle and the gluteus minimus are 
generally left in contact with the tumor and 
resected with the bone. If possible, the inner- 
vation of the gluteus medius and gluteus 
maximus should be retained. The ischiopubic 
branch is dissected step by step and, in man, it 
is necessary to remain in contact with the 
periosteum, to isolate this from the cavernous 
bodies which bleed easily when they are injured 
and are intimately attached to the inferior 
border of the pubis and to the first centimeters 
of the ischiopubic branch. This retropubic 
and subpubic dissection has to be performed 
very meticulously with a cold bistoury. It is then 
necessary to sever, step by step, the various 
muscles which are attached to the ischiopubic 
branch and the ischium, both at its external 
surface and at its internal surface (the levator 
ani muscle and the obturator and adductor 
muscles). 
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This dissection is only possible if the 
approach route follows exactly the inferior 
internal border of the ischiopubic branch up to 
the posterior surface of the ischial tuberosity. 
The obturator nerve generally has to be cut, 
unless it is possible to sever the iliopubic branch 
without running the risk of spreading the 
cancer. If the tumor reaches the coxofemoral 
joint or even merely comes into contact with 
the round ligament, it may be necessary to cut 
the neck of the femur outside the capsule and 
resect the femoral head, the neck, the capsule, or 
even the upper extremity of the femur in a block 
with the tumor. 

Osteotomies 

They are performed at the end of the dissection. 
The pubis is cut using the oscillating saw, at 
the controlateral pubic symphysis in the middle 
of the healthy spongy tissue. The posterior 
section is made into the healthy spongy tissue in 
the ala of the sacrum, using a flat-headed chisel 
or the oscillating saw, protecting the nerve 
roots. The iliac bone is then removed and all 
that remains between the trunk and the lower 
limb are: 

in front, the femoral vessels and the crural 
nerve; 

behind, the branches of the sciatic nerve. 

Reconstruction 

An acetabular cup is cemented directly on the 
bone from the bone bank before it is fastened. 
The sacroiliac joint or ala of the sacrum left 
in place has been completed, as well as the 
pubic symphysis. The hemi-pelvis is strength- 
ened by osteosynthesis plates and fixed in the 
upper part of the pubis by self- tapping screws. 
The posterior part of the pelvis is fixed in the 
ala of the sacrum using spongy bone screws. 
Care will have been taken before implanting the 
graft to perforate it with many holes in order 
to allow muscular refixation by trans-bone 
sutures. 

In order to avoid an obturating hernia occur- 
ring, the obturator frame is closed with a silas- 
tic plate fixed in the perforated orifices of the 
bone. 



The femoral prosthesis is cemented in the 
desired position in the diaphyseal shaft of the 
femur after the canal has been prepared. Once 
the graft has been fixed, the gluteal muscles 
are inserted by numerous trans-bone sutures. 
The ischiatic and adductor muscles will be fixed 
on the ischium and the ischiopubic branch, as 
will the levator muscles of the anus. The muscles 
of the anterior and lateral abdominal wall are 
reinserted on the iliopubic branch, avoiding a 
hiatus being left behind which could lead to 
a hernia. 

Surgical Sequelae and Rehabilitation 

For two days the patient will remain anes- 
thetized in the intensive care unit in order to 
reduce pain, facilitate restoration of hydro- 
electrolyte balance, and to gradually wean the 
patient off assisted ventilation. 

Walking and partial weight-bearing on a 
standing table are permitted from the eighth 
day after the operation. Total weight-bearing is 
possible by 15-21 days postoperatively. 

For Isolated Reconstructions of 
the Acetabulum 

The approach used in revision surgery of the 
hip is a lateral external transgluteal route, creat- 
ing a digastric muscle from the gluteus medius 
and with the vastus externus left connected to 
each other by their trochanteric attachments. 
The femur is dislocated and freed from its 
acetabular attachments. 

The second stage involves the freeing of the 
acetabulum: ablation of the implant, of all 
the cement, and of any fibrosis. Drilling is 
performed initially to remove all the necrotic 
cortical bone. The underlying spongy bone is 
exposed. It is onto this live bone that the femoral 
head allografts are screwed. The femoral heads 
are modeled in such a way as to reconstruct the 
acetabulum perfectly and to make it resemble 
normal anatomy as much as possible. We do not 
implant large cups as we prefer to reconstruct 
the bone of the acetabulum rather than to insert 
too large an implant. 

Once the allografts are screwed solidly into 
the host bone, further drilling is performed. 
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Anchorage points are drilled into the roof of the 
acetabulum, the pubis, and the ischium. These 
points cross the allografts and go right into 
the patient’s bone in such a way that the cement 
fixing the cup rests directly on the allografts as 
well as on the host bone. The cement is applied 
when it is in its pasty phase so as not to creep 
between the allograft and the spongy bone of 
the host’s acetabulum. 

For Sheathed Prostheses 

The patient is laid in a lateral decubitus posi- 
tion. The approach in these reconstructions has 
also always been through the digastric muscle. 
When tumors are involved, excision of the can- 
cerous growths has often required considerable 
resection of the muscle. 

Where there have been large losses of bone, 
after prosthetic loosening, depending on the 
amount of bone remaining, the technique has 
been different: 

resection in principle of the proximal extremity 
of the femur to reconstruct the Merckel spur 
and the large trochanter, also removing all the 
cement debris. 

impaction of the allograft in the sheath of 
remaining bone. 

We have not used the spongy allograft as a 
sheath, preferring to support the shaft of the 
prosthesis on a massive cortical allograft. 

The Prosthesis 

Designed to mold itself onto the anterior con- 
vexity of the femoral diaphysis, the shaft of the 
prosthesis is adapted to the anatomical curva- 
ture of the femur. This curvature gives it its good 
diaphyseal stability in rotation. We used to only 
cement the distal femoral part, but now the allo- 
graft and the host bone are cemented in order 
to obtain better stability. 

The allograft-host bone union is cut like the 
step of a staircas,e perfectly adjusted to allow a 
greater contact surface area and to counteract 
rotation stresses. In all cases, whether on 
account of tumors or not, spongy autografts 
taken at the expense of the iliac crest are 



arranged all around the allograft-host bone 
union. 

Weight-bearing is permitted after the same 
intervals for those of an ordinary prosthesis. 
The mechanical strength of the allograft is at 
its maximum the day it is implanted. If this 
strength were to decrease, this would be during 
peripheral rehabilitation, 12 to 18 months later. 

In Cases of Sepsis 

Surgery is always performed in two stages: 

in the first stage there would be cleaning and 
excision of the cancerous parts and of all the 
debris [32]. Many biopsies are performed to 
search for the causative organism or organisms. 
Depending on the amount of bone lost, a cement 
support mixed with antibiotics suitable for the 
pathogen, if it is known, is left in situ. 

The role of this support is to: 

keep the site of the resected femur free, which 
will make subsequent replacement with an 
allograft easier; 

to deliver antibiotics at a bactericidal dose in 
situ. 

a second irrigation-drainage stage, using suit- 
able antibiotics in perfusion. The limb is placed 
in traction; 

a third reconstruction stage after the biological 
markers of inflammation (sedimentation rate, 
C-reactive protein) have been normal for at least 
two months. 



Results 

For sheathed prostheses used during revision 
surgery on the hip, the results were judged from 
the functional point of view, according to the 
Harris score. The results were: 

good and very good in 70% of cases, 
average in 5% of cases, 
poor in 25% of cases. 

For tumors, the necessary muscle resections 
lowered the functional score. The results were 
analyzed from the oncological point of view. 
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and compared with other techniques, metal 
reconstruction prostheses, massive techniques, 
and amputation. The functional results during 
patient survival were good and very good in 
90% of cases. 

From the carcinological point of view, the 
chondrosarcomas which were the main reasons 
for performing our pelvic grafts were always 
resected on a large scale. We are pleased to 
report that there were only very few relapses. On 
the other hand, the other sarcomas all resulted 
in the death of the patient after a longer or 
shorter interval. 

Discussion 

Oncological Indications 

The results were good for the massive allografts 
on all or part of the pelvis when the reason for 
the excision was a chondrosarcoma. For the 
other sarcomas: fibrosarcoma, rhabdomyosar- 
coma, or Ewing’s tumor, the patients survived 
for no longer than one year in spite of pre- 
operative, per-operative, and postoperative 
chemotherapy, which confirms the severity of 
the siting of these tumors in the pelvis which are 
often diagnosed at too late a stage. 

Infectious Indications 

The hemipelvic graft in one case of echinococ- 
cosis developed into the hydatidosis recurring. 
This indication was adopted because of the con- 
dition extending to the whole of the hemi-pelvis 
and to the chamber of the adductor muscles but 
this extensive hydatidosis was not operated on 
sufficiently radically and there were relapses 
from the recesses in the muscles of the thigh. 
Septic loosening of prostheses appear to us to 
be a good indication for surgery in two stages. 
We no longer have any septic relapses with allo- 
grafts apart from with metal reconstruction 
prostheses [21,22]. 

Sheathed Prostheses 

Since we have been using sheathed reconstruc- 
tion prostheses, the functional results have 



improved because of the ease of fixing the 
muscles on the allograft [23]. The cortical 
sheaths are rehabilitated on the periphery and 
allow the muscle masses to be fixed. 

In All 

A fracture of the allograft may heal completely. 
The allograft-host bone union has to be fas- 
tened by stable osteosynthesis and surrounded 
by spongy autografts implanted during the 
operation [24]. Osteosynthesis of the hemipelvic 
grafts has evolved: initially we only secured 
the graft to the sacrum with three screws. Now 
we use a screwed plate attached to an autograft. 
For the same reasons of stability, the shafts of 
the prosthesis are cemented into the host 
femur as well as into the allograft. We only found 
one case of pseudarthrosis at the host-graft 
union. 

Healing may take a very long time, up to 
four years [25]. From the point of view of bio- 
mechanics, the sheathing of the prosthesis 
reduces the stresses on flexion on the shaft, 
which explains why none of the shafts of the 
prostheses broke. The number of septic compli- 
cations is comparable in our series to that of the 
series using massive metal prostheses 
[3,13,26,27]. On the other hand, a number of 
serous effusions (always aseptic) led us to 
review the immunology of the bone allografts. 
To date, allografts are performed without taking 
the HLA or even the ABO Rhesus groups into 
account [24]. Perhaps more importance should 
be attached to these compatibility phenomena. 

Enneking [28] demonstrated the benefits of 
reducing the inflammatory reaction on contact 
with a massive allograft of the femur of a 
dog. The host-graft union healed more quickly 
when this non-specific reaction was sup- 
pressed. In rats of different strains, Muscolo [29] 
found immune responses of the humoral type 
after bone allografts. Friedlander [30] showed, 
by using microcytotoxicity reactions in the 
rabbit, that cryopreserved cortical bone caused 
fewer reactions than cortico-spongy bone 
and fresh bone, but that this reaction existed 
nevertheless. 
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Reconstructive megaprostheses are commonly 
used but they might be responsible for mechan- 
ical failures in young patient cases. On the other 
hand, allografts allowing vascular recoloniza- 
tion and a rapid muscle tightening give better 
functional results. We are only just beginning 
to receive results concerning graft integration 
and cartilage evolution (13 years on). One of 
the main problems concerning articular grafts 
is the biomechanical behavior of ligamentary 
allografts, or the refixation of the receiver’s 
capsule onto the graft. 

Materials and Methods 

Cartilaginous Allograft 

Biology and Immunology 

The nutritive substances necessary to the sur- 
vival of chondrocytes can only be supplied 
from the synovial liquid or from the blood 
vessels of the sub-chondral bone. This under- 
lines the importance of the permeability of the 
matrix depending on the degree of hydrophilic- 
ity of proteoglycans. Cartilaginous cells, like col- 
lagen, have a very long turnover (over 300 years) 
so the cartilage allografts do not have to be 
replaced or rebuilt after grafting. Immunologi- 
cally speaking, cartilage is not responsible 
for the immunological response because of 
its matrix, which isolates chondrocytes and 
immunologically active cells from the receiver’s 
antigenic activity. 

The grafting of a normal cartilage does not 
induce an immunological reaction, although 
each of its composite parts induce an immuno- 
logical response. 



Preservative Process 

These are fundamental to maintaining the 
nutrition of articular graft. As chondrocytes 
cells must be kept alive we have to avoid 
methods which lead to their destruction. Freeze 
drying and irradiation can not be used for this 
reasons, which is why, beginning in 1981, we 
have used cryopreservation in liquid nitrogen at 
-196 °C for bone and cartilage allografts. This 
method allows the indefinite conservation of 
massive osteo-cartilaginous pieces if a cryo- 
preservative such as dimethyl sulfoxide (DMSO) 
is used. 

Clinical Aspect of Cartilage A 

Bone and Cartilage 

Since 1979 we have used fresh allogenic bone 
grafts and, since 1981, deep-frozen, allogenic 
grafts to rebuild the skeleton. Massive osteo- 
chondral allografts have been commonly used 
since 1985. Between 1978 and 2000, there have 
been 185 massive osteochondral allografts. 

If we want to transplant an osteocartilagi- 
nous graft we can use a massive allograft 
with the cartilage surface, so that revasculariza- 
tion can take place slowly. Articular allografts 
can only succeed if the biomechanical behavior 
of the joint is borne in mind. Histologically 
speaking, chondrocyte cells remain alive in 
most cases. Biopsies show that cartilage archi- 
tecture is frequently impaired, especially 
regarding the superficial levels. Also, the lack of 
pain, the normal radiological aspect, and the 
lack of necrosis seen in most of our cases is 
appreciable. 

We will discuss five possible methods of 
osteochondral grafting. 
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Cartilage alone without ligamentary fixation, 
which gives generally excellent results. 

Osteochondral allografts without ligament or 
capsule. It appears that refixation of the 
receiver’s ligaments on the allografts occurs 
rapidly and gives, within a few weeks, an excel- 
lent stability to the joint. 

Osteochondral allografts with a ligament or 
capsule. Tendons and ligamentary allografts 
induce in 10% to 20% of cases an immunologi- 
cal response but the biomechanical behavior of 
the joint after grafting seems not to be as good 
as refixation of the receiver ligaments on the 
grafts after 1-2 years, because of the revascu- 
larization of the transplanted ligament which is 
very slow and induces instability in the joint. 
The allograft ligaments need to be protected by 
an artificial ligament during this revasculariza- 
tion period. 

Total joint reconstruction. In bone tumors when 
muscles and ligaments have to be removed, as in 
some traumatological cases, the use of massive 
whole joint allografts can be indicated (knee, 
elbow) but in most cases instability appears 
within a few months. 

Massive prosthesis surrounded by allograft. 
These lead to poor vascular surrounding of the 
graft and problems linked to articular instabil- 
ity. We propose the use of massive metallic artic- 
ular prostheses surrounded by one allograft. 
Prostheses give immediate stability and allow 
the patient to walk within a few days, while the 
graft will permit the remaining muscles to reat- 
tach themselves. 

This latter is the procedure of choice when a 
reconstruction of the upper part of the femur is 
required. Between 1978 and 2000 there were 356 
cases. 

For distal femur and proximal tibia cases, it is 
necessary to remove the ligaments, capsule, and 
large part of the muscles. Between 1978 and 
2000 there were 67 cases. In the case of recon- 
struction after some weeks of the lower part of 
the femur, we have to use an expending bag 
placed under the muscles and the skin to avoid 
tension of the skin and the risk of necrosis. 



Results 

Complications have arisen related to cases of 
massive osteocartilaginous allograft (185 
cases): 

Six tumoral recurrences leading to amputation. 

Four cases of sepsis in patients with heavy 
chemotherapy, also leading to amputation. 

Six cases of sepsis where traumatic lack of sub- 
stance with skin and muscle defects led to do an 
arthrodesis. 

Two fractures of the internal tibial plate obliged 
us to use a megaprosthesis surrounded by 
allograft. 

One case of sepsis two years after the operation, 
forcing us to remove the first prosthesis and 
replace it six months later after having made a 
muscular and skin reconstruction. The func- 
tioning is now fair. 

Two total knee prostheses have been used to 
replace the articular shaft destroyed by articu- 
lar laxity due to ligamentary lengthening. 

Discussion and Conclusion 

Histological, immunological, biological, and 
biomechanical studies have shown that a carti- 
lage allograft can be used if: 

an entire and normal cartilage is grafted, 
if the structure is not impaired, 

if the preservation process has not killed the 
cells or destroyed the proteinic matrix, the col- 
lagen, or the proteoglycans, 

and if the biomechanical behavior of the joint is 
considered. 

In other cases, the use of massive articular metal 
prostheses surrounded by allograft seems to be 
more appropriate, especially in bone tumor 
cases. 
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Introduction 

The biomechanics of the spine starts at concep- 
tion. Soon after the gametes meet, their DNA 
combine to combine all the genes necessary to 
determine the unique aspects, both static and 
dynamic, of the spine that is so important for 
erect bipedal posture - the basic characteristic 
of the human skeleton. 

Even if there are general characteristics 
common to most, every person is unique. It is 
the multiplicity of variations that so define nor- 
mality within the population. 

The growth of the spine starts long before 
birth, then continues throughout infancy and 
childhood until the end of adolescence with the 
so-called “growth spurt” completing the entire 
program. Each phase of this time is different 
from the previous one due to not only the size 
of the elements involved but also the physical 
and biological characteristics of the tissues 
involved. 

Finally, according to all the genetics, the 
young adult will benefit from functional har- 
monization between organ systems throughout 
the growth period. For example, the nervous 
system plays a major role as part of the “spinal 
organ” and develops contiguously with the spine 
itself. 

The spinal organ is from an anatomical point 
of view made of bone structures - the vertebrae 
- linked by intervertebral disks and ligamentous 
and muscular formations. Its goals are two-fold: 
first to give static and dynamic support for the 
trunk, considering that the first vertebra - from 
a biomechanical point of view - is the head in 
its proper weight and location (being that the 
occipital bone develops from the first three 



cephalad somites), so we can call it cephalic ver- 
tebra. In doing so, we must consider that the 
entire pelvis should be considered the last ver- 
tebra (pelvic vertebra). It acts as intercalary 
bone between trunk and lower limbs with a 
strategic role in both standing and sitting. 
Secondly, the spine is the supportive and protec- 
tive structure surrounding the central nervous 
system structures, including specifically the 
spinal cord. 



Embryology 

It is important to remember the various embry- 
ologic stages during the first month of life, 
because as soon as the 15th day after concep- 
tion, the embryo (1.5 mm in length) is an 
embryonic disk made up of three distinct struc- 
tures: ectoderm, mesoderm, and endoderm. 
From the 15th day, the neural fold starts to 
establish on the ectoderm. By day 20 it starts to 
close at the middle, giving rise to the neural 
tube. Closure of this neural tube occurs more 
quickly on the cephalad side (26th day) than on 
the caudal side (28th day). It is during this time 
that (under the influence of the notochord) the 
mesoderm will organize. The notochord is the 
longitudinal axis and, around it, vertebral 
bodies will organize. The paraxial mesoderm 
becomes segmented, giving rise to the first 
somites that develop centrally within the 
embryo. In reality, because of the important 
development of the cephalic part of the embryo, 
this level fits with the occiput. Segmentation 
then continues caudally. By the end of the fifth 
week, the human embryo consists of 42 pairs of 
somites, half on the right, half on the left. These 
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somites will give the future vertebrae and the 
muscles (myotome). 

At the beginning of the fourth week, it is easy 
to see cells from the medial border of the 
somites migrating around the notochord to 
build the outline of the vertebra, the remaining 
cells spread out laterally to give rise to the 
muscles, notably the paravertebral muscles. By 
the 28th day, when the caudal neuropore is 
closed, spinal segmentation is already perfectly 
apparent. At this purely mesenchymal stage, all 
the vertebrae are organized anatomically. At the 
same time, developing from the mesoderm, the 
future nephrotome (that goes on to develop into 
much of the urogenital system) will develop, as 
well as the heart and great vessels. 

At approximately two months of gestation, 
chondrification and them ossification will 
begin. These continue until adulthood at around 
18-20 years old. 

Biomechanical Consequences 

It is clear that any problems occurring during 
this embryologic phase will disturb the future 
biomechanics of the spine. For example, con- 
genital malformations occur early during devel- 
opment. Any missing levels of bone, cartilage, or 
soft tissues leading to instability or any mal- 
alignment with kyphosis or lateral curvature 
(with related consequences as failure of seg- 
mentation) at an early stage of development will 
disturb growth and development in later 
embryonic or postembryonic life. 

Vertebral Growth in Space and 
Time (Figure 27.1 ) 

Vertebral Growth from 
Enchondral Ossification 

The model of the cartilage starts to ossify as 
soon as the second gestational month. The ossi- 
fication points exist at the level of vertebral 
bodies, posterior arches, laminae spinous, and 
transverse processes. They determine the real 
growth plate that is already visible at birth, by 





Figure 27.1. Growing cartilage of a vertebra. A. Vertebral plateau. 
B. Bipolar cartilage = neurocentral cartilage. C. Posterior elements 
apophyseal cartilage. D. Periosteum. E. Ring apophysis. 



which time only 30% of spinal ossification is 
achieved. 

Vertebral Growth Plates 

Each vertebra has many growth plate levels, but 
these are coordinated, so that growth is syn- 
chronous in all three dimensions. 

Each vertebral plateau has its own growth 
plate (one superior and one inferior) for each 
vertebra, providing a vertebral growth in length 
of 1.2 mm/year per vertebra in the lumbar 
region and 0.9-1 mm in the thoracic region. 

The neurocentral cartilage is very important 
in that it represents the junction between the 
anterior and posterior body. It is a bipolar car- 
tilage growing in both antero-posterior and 
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horizontal directions. Each is located vertically 
to and on each side of the neural canal between 
the two plateaus. The junction between ver- 
tebral plateau, cartilage, and neurocentral 
cartilage is really a unique region when 
three-dimensional growth is determined. These 
will close between 8 and 12 years and some- 
times older. It is clear that the unilateral closure 
of these cartilages leads to horizontal deformity, 
typically a scoliosis. 

The growth around the posterior arch has 
growth that is concurrent with neural tube evo- 
lution. Secondary ossification centers appear at 
the tip of spinous process transverse, facet joints 
and work under the influence of ligaments and 
muscle insertions. It is important to note that 
the pars interarticularis is already ossified at 
birth. 

Generally, the fusion of spinous processes on 
the middle line occurs at age one, first in the 
thoracic area and then lumbar and sacrum. 
Reverse ossification is active for the atlas at age 
two and the axis at age four. 

The size of the spinal canal is remodeled 
throughout the construction-destruction 
process and has reached adult size at age five. 
This is an essential point for pathology, allow- 
ing, for example, the performance of circumfer- 
ential fusion on a small child without worry 
[1-3]. 

Finally, at age ten a ring apophysis appears at 
the superior and inferior plateau border that 
ossifies slowly and fuses with the vertebral body 
between 18 and 25 years old. 

Vertebral Growth in Time (Figure 27.2) 

As it very well represented in the excellent book 
of Alain Dimeglio [4], spinal growth is expo- 
nential from 0 to 5 years old. At that age, it 
should be noted that 70% of sitting height is 
achieved in girls and 66% in boys. The gain for 
the upper segment is 27 cm in five years (12 cm 
for the first year, 5 cm for second year, 4 cm for 
third year and 3 cm for fourth and fifth years. 
Between 5 and 10 years old, growth is slower at 
2-3 cm/year. At 10 years old, 80% of final height 
is acquired. The growth spurt then occurs with 
a mean growth of 4.5 cm/year for the upper 
segment, which is then variable from one 




Figure 27.2. Growth in time (speed). TH: Total height. US: Upper 
segment height (sitting height). LL: Lower limb height. 



patient to another. The amplitude of such 
growth spurts is higher in boys (2 cm/year 
more) than in girls, but growth spurts are always 
two years later in boys. At the time of the growth 
spurt, the individual speed of growth for each 
vertebra is 1.2 mm for thoracic and 1.6 mm for 
lumbar between 13 and 16 years. 

Another factor about Tl-Sl size is important 
for biomechanics. The thoracic segment repre- 
sents two-thirds and the lumbar segment one- 
third, but Tl-Sl represents 50% of sitting 
height, which is why it is important to know the 
maturation of bone and cartilage for spinal 
growth. The bone age of the hand is less helpful 
than Risser sign that remains an important 
marker: linked with the closure of the triradiate 
cartilage (corresponding more or less to Risser 
+), linked and correlated to closure of the carti- 
lage of the elbow, but also correlated to sexual 
maturation (pubic hair, breasts in girls, testis 
volume and beard in boys). These signs give an 
idea of the status of the patient at the time of 
examination, allowing the real vertebral age to 
be assessed, because none of these signs is 
absolute by itself. Large variation may exist from 
one individual to another and if we multiply the 
signs a closer measurement can be made. 

Finally, it is very important to remember that 
thoracic cage growth is very much related to 
spine development. From newborn infants to 
adults, thoracic cage volume enlarges by a factor 




260 



Biomechanics and Biomaterials in Orthopedics 



of 14, and 50% of the final volume is achieved 
by age 10. However, it should be noted that the 
thorax continues to increase in volume for two 
years after spinal growth has finished. 

Biomechanical Consequences 

We have many growth tables and charts to help 
to evaluate the development of the spine and the 
thorax according to age. This helps to decide, for 
example, when it is a good opportunity to 
perform fusion for spinal deformity and it is 
important to recognize the resultant loss of 
height that can be expected, especially if it is 
extended to the thoracic area. If the entire tho- 
racic area in a boy of 10 years old were fused, 
6 cm of thoracic height would be removed, and 
if the same were to occur in the lumbar area, 
3.6 cm would be lost. 

A typical consequence for biomechanics of 
spinal growth in space as well in time is the 
crankshaft phenomenon (Figure 27.3), which is 
the phenomenon complicating some treatments 
of the pediatric spine. It is seen when isolated 
posterior fusion is realized on a scoliotic imma- 



ture spine. Despite a solid posterior fusion, a 
progressive bending of the fusion mass is 
observed because of the continuation of ante- 
rior growth. The biomechanical explanation is 
that the growth plate on the front is deviated lat- 
erally but continues to grow and cause further 
deformity until growth is completed. This is why 
treatment is rooted in biomechanics. It is a pre- 
ventive anterior epiphysiodesis performed at 
the same time as posterior fusion and on the 
same levels [5-7]. 

Importance of the Soft 
Tissue Components of the 
Spinal Organ 

Even if soft tissues (disks, ligaments, and 
muscles) comprise almost half of the anatomic 
structures of the spinal organ, research in them 
is less than in bone and cartilage. Nevertheless, 
their quality appears very important when con- 
sidering flexibility or stiffness and even in some 
case laxity and instability. 




Figure 27.3. Crankshaft phenomenon. A solid posterior fusion on a growing scoliotic spine plays the role of a posterior tether on a distorted element 
and the continuation of anterior growth (arrow) increases the rotational deformity. Prevention is anterior convex epiphysiodesis (at the opposite side 
of the posterior fusion). 
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The Definition of Instability 

The definition of instability is still controversial 
and involves consideration of the bone and car- 
tilage in the joint facets and disk space struc- 
tures as well as the soft tissues in disk space 
structures, capsules, ligaments, and muscles. 
The quality of these tissues, especially connec- 
tive tissues, collagen, and elastic tissues, 
depends mainly on the genetic aspects of their 
basic molecular structure. From early child- 
hood, one can recognize the elastic component 
of the tissues with hyperextension of the thumb 
or hyperlaxity of the joints. This may contrast to 
joint stiffness with a decrease of normal motion. 
The same variability occurs in muscle displace- 
ment and range of motion; everything is 
individual. 

It is clear that with increasing age, maturation 
of the soft tissues occurs, but this phenomenon 
is much less studied than bone and cartilage 
maturation. For example, hypermobility is more 
frequent at an early age, occasionally allowing 
hypermotion, which suggests instability, such as 
the C2-C3 flexion extension test where we can 
find such over-alignment considered physiolog- 
ical. On the other hand, one can have a large 
amount of displacement in severe neck injury in 
infants giving spinal cord injury without any 
bone fracture. 

Of course, the relative higher weight of the 
head related to the entire body in an infant can 
play a role in these problems, but it is also 
certain that with time this hypermobility 
decreases unless a real pathological connective 
tissue pattern remains such as in Ehlers-Danlos 
or Marfan disease. 

The Biomechanical Importance 
of Spine Stability 

The biomechanical importance of spine stabil- 
ity and the permanent mixture between bone 
and cartilage and soft tissue conditions is well 
demonstrated by the consequence of laminec- 
tomy in a growing child. A biomechanical study 
has been made in the spinal columns of 
neonates and children by measuring intradiscal 
pressure of a specimen submitted to constant 



load in the normal specimen first, and then after 
removal one by one of the posterior structures. 
Starting with only removal of the interspinous 
ligament, the pressure increases; then as one 
side of the ligamentum flavum then both sides, 
then one facet joint and then the second facet is 
removed, the pressure increases further. This 
clearly demonstrates that the pressure inside the 
disk space was increasing constantly propor- 
tional to increasing posterior destruction of the 
stabilizing elements with a subsequent increase 
in kyphosis (Figure 27.4, 27.21) [8-11]. 

This experiment corroborates with our 
observation of a direct relationship between 
increasing instability and kyphosis in pediatric 
pathology. Finally, the hyper pressure on the 
disk space transmits to the growth plate and 
delays growth potential because the hyper pres- 
sure completely changes the aspect of the body, 
becoming cuneiform with a decrease in anterior 
growth and progressing kyphosis. 

Prevention by laminoplasty instead of 
laminectomy when possible - and consisting of 
replacing the posterior elements removed en 




Figure 27.4. Evolution of kyphosis after experimental removal of 
the successive elements of the posterior arch in a spinal specimen. 
a= sagittal angle. F = force applied. After D'apres H. Robert. J Biophys 
Med Nuc1 1984;8(4):243-9. 
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bloc after the neurosurgical intraspinal work 
associated with proper immobilization giving 
proper healing - prevents kyphosis and sec- 
ondary growth disorders. 

The Importance of 
Soft Tissue Maturation 

The importance of soft tissue maturation is well 
demonstrated in a study of a group of patients 
with scoliotic curves where nonsurgical treat- 
ment was started after the end of most vertebral 
growth (Risser +++ or ++++) and continued to 
one year after completion of bone maturation. 
Despite complete bone maturation, improve- 
ment of the curve was maintained after removal 
of the brace, so the only explanation can come 
from the maturation and stiffness seen on the 
soft tissues of such scoliotic spines [12]. 

The Importance of Soft Tissue Factor in 
the Growing Spine 

The importance of soft tissue factor in the 
growing spine with a combination of ligamen- 
tous, muscular, and nervous components is also 
easy to demonstrate by studies of patients 
simultaneously injured during the treatment of 
some tumoral disease of the chest, such as neu- 
roblastoma, in the paraspinal area. 

When ribs are removed in a child with sub- 
sequent loss of intercostal space and then an 
intercostal neurovascular bundle is removed, 
the result is invariably a spinal deformity convex 
toward the side of the injury. 

It is not only a question of bone but it is also 
possible for a soft tissue defect to give slight 
instability on the ligament linking two or three 
spinal segments. This leads to a localized differ- 
ence in bone pressure of the growth plate sec- 
ondary to paralysis of posterior muscles leading 
to deformity. Even if radiation therapy is given 
with the well-known disastrous effects on the 
growth plate, the deformity is still convex to the 
side of the soft tissue injury. Conversely, for 
Wilms tumor in a child treated with surgery and 
radiation, the deformity is secondary to asy- 
metrical radiation because there is no involve- 
ment of paraspinal muscles and the effect of 



asymetrical radiation on the growth plate 
results in a deformity concave to the side of the 
injury. These two examples demonstrate the 
biomechanics of the bone as well as biome- 
chanics of soft tissue on a growing spine [5,10]. 

Setting up of Erect Posture and 
its Consequences 

Development of Erect Posture in 
Humans [ 13 ] 

At birth, the shape of the sagittal spine is like a 
gentle C curve. When the child is in a prone 
position and then starts to lift the heavy head, 
cervical lordosis develops. The next step is 
crawling on the upper limbs and knees, during 
which time cervical lordosis increases and 
lumbar lordosis initiates. Then when the child 
stops, he will generally lift up the upper limbs 
and raise his back on the knee flexed, but with 
hip extended, leading to further lumbar lordo- 
sis progression. Then the child learns to stand 
up with proper cervical lordosis, thoracic 
kyphosis, and lumbar lordosis. The erect 
posture is so acquired and will develop through- 
out childhood and adolescence into adulthood. 

Maturation of the Central 
Nervous System 

It is during the child’s learning of how to achieve 
erect posture that the maturation of the nervous 
system takes place. At birth, the nervous 
system is still immature, especially when con- 
sidering the myelinization of the central 
nervous area. 

The coordination and achievement of balance 
continues to extend throughout the majority of 
childhood. The postural balance integrates 
sensory stimuli coming from the eyes, ears, 
vestibular and proprioception with proper 
reflex function from the motor reaction of 
muscles surrounding the joints themselves 
getting information from receptors inside the 
capsules or tendons. The action of the neuro- 
hormonal transmitters working on the postural 
balance is still largely unknown in terms of the 
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relationship between right and left brain and 
the function of hypothalamus. 

There is a research methodology developing 
around the etiopathogeny of idiopathic scolio- 
sis with an experiment performed on the pineal 
gland, neurotransmitter function and a bipedal 
animal where scoliosis exists, which can be 
reproduced, and quadrupedal animals where 
scoliosis does not exist and cannot be repro- 
duced experimentally with neurological lesion 
performed distant from the spine itself (14). 

The maturation of this nervous system is 
probably greatly involved in idiopathic scoliosis 
and may explain why some severe infantile 
curves can regress completely with a pure non- 
surgical treatment (brace or cast, for example) 
and some even spontaneously, despite some 
remnant of the deformity (cuneiform vertebrae 
in a straight spine). This may also explain, in 
cases of persistent immaturity of the nervous 
system, why some other malignant cases cannot 
be corrected with the same kind of treatment. 

Biomechanical Consequences of Erect 
Posture in Children and Adolescents 

Note: the concepts recognized and developed 
here for the growing spine are easily adaptable 
for the adult spine. 

Static and Dynamic Three-dimensional Balance 

(Figure 27.5) 

If we consider the erect posture in a human, in 
a standing position both feet are pushing on the 
ground and delineate a surface ellipsoidal called 
the polygon of sustentation. If you consider the 
same human at any age seated, you have 
the same polygon of sustentation now looking 
like a frame with both thighs and ischial 
tuberosities. 

From the center of this polygon of sustenta- 
tion either standing or sitting, if you draw an 
orthogonal line, all of the body including the 
head is aligned harmoniously within this line 
with a patient in a good three-dimensional 
balance. Anatomically on the sagittal plane this 
line goes from the tragus to the center of this 
polygon and the spine is harmoniously aligned 
with cervical lordosis, thoracic kyphosis. 




Figure 27.5. Standing posture planes of reference and polygon of 
sustentation. 1. Polygon of sustentation. 2. Orthogonal gravity line. 
R: Sagittal plane. H: Horizontal plane. C: Coronal plane. 



lumbar lordosis, sufficient pelvic tilt, hips 
extended, and knee extended with the ankle 
joints at approximately 90° to the ground. This 
is defined as a balanced spine where the spinal 
curvatures balance themselves in opposite 
directions to achieve harmony and function 
with the head projecting inside this polygon of 
sustentation. 

When the patient is seated, the same rules of 
sustentation apply with the head entirely bal- 
anced at the center of the sitting frame and the 
spinal curves adapting to the proper pelvic tilt 
necessary to compensate for the absence of 
lumbar lordosis or kyphotic lumbar deformity. 
This balance is defined as static when no motion 
at all is observed, but in humans there is in 
reality constant motion within this polygon in a 
three-dimensional manner. 

Cephalic and Pelvic Vertebra Concept 
(Figures 27.6, 27.7) 

Bearing in mind the three-dimensional balance, 
it is easy to consider the entire head with its own 
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Figure 27.6. Coming from the study of pelvic obliquity and scoliosis, the entire pelvis must be considered as one single vertebra. 



mass and weight (4.5-5 kg) as the first vertebra. 
This weight lying at the top of the spinal con- 
struct is almost always moving and, like a gyro- 
scope, maintaining balance [13,15,16]. 

Simultaneously, the entire pelvis (because of 
the minimal movement inside the sacro-iliac 
joint - less than 1.5° motion, unless during preg- 
nancy when it can reach 3.5° of motion) can be 



considered as one unique vertebra, the last in 
the spine, and acting like an intercalary bone 
between trunk and lower limbs. 

Doing so when a global thoracic kyphotic 
deformity occurs, the pelvic vertebra can com- 
pensate by an anterior tilt as compensation, 
lordosis at the lumbar level, etc. This pelvic 
vertebra has 6° of freedom for each hip joint and 
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Figure 27.7. The entire head must be considered as the cephalic vertebra and the pelvis as the pelvic vertebra acting as an intercalary bone to 
achieve balance. 



the same for the lumbo-sacral junction. It is 
interesting to note the various work about this 
pelvic vertebra, because it has been proven that 
the proper anatomy of this pelvic vertebra plays 
a major role in the amount of lordosis necessary 
to achieve balance, especially in the sagittal 
plane. The angle between the center of the 
femoral head and the orthogonal projection to 
the center of the SI superior plateau determine 
the incidence. Variation in this angle is observed 
generally between various patients of no more 
than 12° to 15°. It is also remarkably stable 
during life with very few or almost no changes 
after age five. This angle determines the amount 
of lordosis necessary to maintain good sagittal 
balance. The incidence represents in reality the 
positioning of the sacroiliac (SI) joint in the 



space regarding one of the femoral heads. This 
explains the wide variation seen between males 
and females and the morphotypes of patients 
(thin and tall or short and wide). 

The Concept of the Conus of Economical 
Consumption and Economical Function 

(Figure 27.8) 

If we consider the human body in a standing (or 
sitting) posture, the feet are located within the 
polygon of sustentation, the body can, under the 
influence of muscle function, move in a conical 
fashion without moving the feet. The maximum 
variable amplitudes are at the pelvic and the 
head levels; we can determine the maximum 
dimensions of this “cone of movement” when 
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Figure 27.8. The concept of the conus of economical function in 
a standing position. A. Maximum of function before falling down. 
B. Economical function where the spine is balanced with almost no 
muscle action. 



muscles are working at their maximum excur- 
sion and strength to maintain balance. But also 
we can determine a smooth cone when muscles 
are working at their minimum - in some cases 
doing almost nothing to maintain balance, 
which is mainly achieved by the passive bal- 
anced stretching of discs, ligaments, and soft 
tissue structures with the minimum of muscle 
action. This is seen when the body is well- 
balanced within this smooth cone, and muscle 
function is economical. When the body is out of 
balance, we must anticipate permanent costly 
muscle function [13,15,16]. 

Biomechanics of Ligaments, Aponevrosis and. 
Muscles Surrounding the Spine for Static and 
Dynamic Function During Erect Posture 

One must distinguish two groups of soft tissues 
structures: 

Ligaments and aponevrosis (not only within the 
spine itself, but also concerning the entire trunk 
of the body) will determine rigidity within the 
large thoracolumbar fascia. When all these 
fibers are stretched then the body is rigid and 
stable. When these fibers are relaxed then poten- 
tial movement can occur, especially considering 
that motion and passive motion is only limited 
by the passive tension of these structures 
[16,17]. 

The muscles around the spine consist of two 
types, the ones very close to the spinal body 
structures like interspinous, paraspinous, multi- 
fidus, and transverse, and the ones relatively 



distant from the spine, like abdominal muscles, 
ilio-costalis, longissimus dorsi, longissimus 
lumborum. Each one of these muscles may have 
two main functions: some work like a spring 
pushing or pulling two elements one against the 
other; and some work like a ball expanding 
inside a net and tensioning the inextensible 
fibers of the network. 

The first function (spring or pump) is mainly 
devoted to motion and voluntary maneuvers, 
the second is mainly devoted to posture and 
especially economical posture and are mainly 
reflex (Figure 27.9). 

One can understand why the automatic reflex 
system is of importance when considering the 
necessity for humans to maintain or recover the 
horizontal gaze whatever the spinal deformity. 
There is a complex net of short autonomic 
reflexes from visual vestibular as well as 
mechanical extensor flexor muscles and liga- 
ments of receptor origin to achieve erect 
posture. 

It is probably a similar system that has 
allowed humans to acquire the skill of bipedal 
walking, because walking is a permanent search 
for balance after the instability induced by a first 
step. This is why patients who are not able to 
stay seated in an erect posture on the side of a 
table are also not able to walk, because the 
muscle function of their erect posture giving 




Figure 27.9. Concept of "string" and "pump" function of the muscles 
surrounding the spine, A, A': String function moving the bone. B, B': 
Pump function expanding and tensioning the net of aponevrosis of the 
postero-lateral spinal muscles. 
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stability and motion of their spine is not 
achieved. For the same reason, some diplegia 
cerebral palsy patients are unable to stop while 
walking in the middle of the room without the 
help of the upper limbs or a stable support. 

Application to the Common 
Pathology of the Growing Spine 

Sagittal Deformity 

Pure sagittal deformity is easy to understand 
because there is no deviation either in the hor- 
izontal plane or in the coronal plane. 

Deformity may be regular in abnormal 
kyphosis or lordosis, but occurring at every 
level, resulting in an apical zone that is the most 
deviated from the gravitational axis and yet is 
smooth because there is very little abnormality 
between one vertebra and the next or at the 
junctional zones - zones of transition from one 
direction (for example, kyphosis) to another 
(for example, lordosis). This regular kyphosis 
with a smooth apical zone generally does not 
create apical compression at the level of the 
spinal canal. 

The main pathology for this is Scheuermann 
kyphosis with various apex, thoracic, or thora- 
columbar, but very seldom lumbar, where 
hyperkyphosis results in a subsequent hyper- 
lordosis above and below the kyphosis in order 
to maintain the sagittal balance. In contrast, 
thoracic hypokyphosis leads to a decrease in 
normal cervical and lumbar lordosis and creates 
a flat back. From a three-dimensional point of 
view, thoracic hyperkyphosis is generally asso- 
ciated with an increase in the antero-posterior 
diameter of the chest, the vertical orientation of 
the ribs, and very few respiratory consequences. 
In contrast, thoracic hyperlordosis is associated 
with a decrease of the antero-posterior diame- 
ter, horizontal ribs, and more respiratory com- 
promise, leading to intermittent compression of 
the airway in some cases and atelectasia in 
major cases. This has allowed description of the 
spinal penetration index (Figure 27.10), which is 
the amount of protrusion of a real vertebral 
intrathoracic hump, which in a normal spine is 





Figure 27.10. Spinal penetration index. The surface or volume occu- 
pied by the spinal structures inside the thoracic cage. Normally around 
10% (a), it can reach 50% in severe cases (b). 



around 10% of the surface or thoracic volume, 
and can reach 50% in some severe lordotic cases 
(Figure 27.10). This allows data to be established 
on the useful thoracic volume devoted to the 
lungs and mediastinal structures. 

Sagittal deformity may be angular; that is, the 
deformity lies in the sagittal plane only, but on 
a few levels (sometimes only one), and creates a 
sudden change in the alignment of the apical 
zone with possible compression of the spinal 
canal. The angular kyphosis may be especially 
associated with instability that may be immedi- 
ate when the posterior alignment of the verte- 
bral bodies are demonstrating a sudden 
abnormal motion when dynamic imaging is 
performed. It may be potential when dynamic 
imaging fails to demonstrate abnormal motion, 
but where malalignment exists from the begin- 
ning. In such cases, either progression of the 
deformity with growth or sudden mild injury 
can create a spinal cord traumatic lesion 
[1-3,18,19]. 

The biomechanical consequence for surgery 
of such angular kyphotic spines is that when an 
anterior empty space exists in front of the spine, 
it is mandatory to supplement the anterior pillar 
by anterior fusion to fill the gap and stabilize the 
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Figure 27.1 1 . a Angular rigid kyphosis. Gravity line is represented by the dotted line, b Bypass strut graft kyphosis forces (straight arrows) remain 
straight and a gap opens toward the apex (z arrows), c To suppress it, it is necessary to perform a palissade strut graft from the apex of the curve 
toward the gravity line. 



spine. This stability can be achieved if there is a 
large kyphosis by an anterior strut “palissade” 
graft inserted from the bottom of the apex going 
ideally to the gravity line and so suppressing the 
kyphosing forces (Figure 27.11). 

Scoliotic Deformities 

The basic structural scoliotic segment [12,16] is 
represented by a succession of vertebral units 
that are always located in extension or lordosis 
from one to the next with axial rotation of each 
vertebra always in the same direction. This 
begins with one neutral vertebra (without axial 
rotation) and continues with a successive 
increase in axial rotation, achieving maximum 
axial rotation at the apical vertebra of the 
segment. This then runs down with decreasing 
axial rotation in the same direction to the end 
at the next neutral vertebra. This movement is 
called torsion (Figure 27.12), the real basis for 
deformity, that cannot be located in one plane, 
but has an infinite number of planes. This phe- 
nomenon is secondary to a rotatory movement 
that is thwarted by the orientation of the pelvis, 
shoulder, and head, and involving subsequently 
all bone and soft tissue structures of the 



spine (and perhaps each molecule). Three- 
dimensional computerized reconstruction 
demonstrates well the anatomy and also the 
progression in space of the deformity with time. 
This also demonstrates that the Cobb angle so 
widely used as a measure in fact only measures 
the collapsing of the spine and not the real 
three-dimensional deformity (Figure 27.12, 

27.13.27.14) . 

So, a scoliotic spine is composed of either 
multiple scoliotic structural segments or by just 
one scoliotic structural segment followed above 
and below by a compensatory (not structural) 
segment in order to achieve alignment and 
balance for either standing or sitting. Each one 
of these segments is linked to another with a 
junctional zone representing either only one 
disk space, the zone of one disk and the verte- 
bra above and the vertebra below, or at 
maximum a group of two consecutive vertebrae 
(the middle element has a neutral axial rotation 
while the adjacent has an opposite side axial 
rotation from above to below). This enables a 
balanced spine in three dimensions (Figure 

27.14) and is why the maximal axial rotation in 
a scoliotic spine is located at the apex, but with 
the minimal intervertebral rotation (that is the 
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APEX 

MINIMUM 

Intervertebral rotation 



Figure 27.12. The basic structural scoliotic segment where the anterior length is greater than the posterior length at the level of two consecutive 
vertebral units. 




Figure 27.13. Torsion is the 3D characteristic deformity of a structural 
scoliosis. 



axial rotation of two adjacent vertebrae), so the 
apex is the stiffest part. Conversely, the junc- 
tional zone has a minimum of axial rotation, but 
maximal intervertebral rotation, so is the most 
mobile (Figure 27.12, 27.16) [16]. 

This concept was very important in the bio- 
mechanical design and use of spinal instrumen- 
tation, especially for CD instrumentation of the 
many multiple hook, screw, and rod systems that 
are extensively used worldwide. It is why, in 
reality, for correction with these systems, com- 
pression, distraction, rotation, and translation 
are always used for any correction of a scoliotic 
curve and that all discussions about this problem 
of using more rotation than translation or com- 
pression are negated, because all mechanisms of 
correction are obligatory due to the three- 
dimensional shape of the scoliotic curve. These 
must be analyzed simultaneously in both antero- 
posterior and lateral planes, each segment 
replaced in the entire spine (Figure 27.15,27.16). 

There are two consequences of this three- 
dimensional analysis derived from the following 
concepts. 
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Figure 27.14. Three-dimensional computerized reconstruction of a scoliotic curve. The top view is particularly well suggestive of the real defor- 
mity not always recognized from X-rays. 





Normal Flat back Increasion Kyphotic 
sagittal scoliosis 



Single curve 



Double curve 



Figure 27.1 5. A practical approach to the surgical treatment of a scoliotic spine either for a simple curve or a double curve. Global analysis demon- 
strates well for a similar AP view the various possible sagittal alignments. To perform the proper fitting of the instrument, it is mentally necessary 
to match the AP and lateral aspects globally as well as for each segment of the spine and determine the apical zone and junctional zone. 
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End vertebra 



End vertebra 



End vertebra 



Figure 27.16. Analysis to determine the apical zone and junctional zone for idiopathic curves. 
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Figure 27.17. A.The rotatory dislocation of the spine concept.The apex of the kyphosis coincides with the junction of the two curves on the coronal 
plane. B. An increase in the angle of both curves in the coronal plane means an increase in the kyphosis. 



The rotatory dislocation of the spine concept 
(Figure 27.17) [20] that was described in 1972 
for some dystrophic, congenital, or idiopathic 
conditions [21] and explained by the existence 
of a junctional zone between two scoliotic seg- 
ments occurring in weak bone tissue. The basic 
mechanism is that at the level of the most dys- 
plastic area, when it is located at the junction of 
two lordotic segments, a rotational movement in 
the opposite direction occurs in front of the 
spinal canal initiating the deformity. As the 
deformity increases, an expulsive force gener- 
ated by the rotational movement leads to 
increased deformity in the three planes and in 
some cases may compromise the spinal cord. 
However, in most cases the canal is still con- 
tinuous without any dislocation, especially if the 
dystrophy exists on multiple successive levels (2, 
3 or 4). Then, because the canal is in continuity 
and the rotating deformity is progressively 
increased, it is obvious that the flexibility of the 
spine can be used in the opposite direction. 
Progressive but constant traction can reduce the 
deformity by a large amount. In addition, when 
progressive neurological problems appear sub- 
sequent to this kyphosis, they can be reversed 
completely by this traction method, because of 
the relaxation of the tension of the neural struc- 
tures. Subsequently, stabilization of the spine 
must also be achieved by circumferential front 
and back fusion. The anterior fusion must be 
done from the concavity (Figure 27.18) of the 



coronal deformity in order to be in alignment 
with the gravity line, which cannot be achieved 
if the approach is from the convex side. This 
convex approach additionally causes more 
instability, because removal of the convex liga- 
ments working in tension will disrupt the 
tension band provided by the ligaments. Here, 
the concave strut grafts will work in compres- 
sion and stabilize the spine. 

For idiopathic conditions (Figure 27.16), it is 
exactly the same mechanism occurring on good 
bone vertebrae. The deformities are only slightly 
important and allow determination of the junc- 
tional zone that is especially critical to avoid the 
so-called junctional kyphosis factor of poor 
balance resulting from instrumentation or from 
spontaneous evolution that occurs mainly in the 
upper thoracic or thoracolumbar areas [12,16]. 

It is easy to recognize on antero-posterior and 
sagittal X-rays because the apex of the kyphosis 
lies at the junction of two scoliosis curves which 
is anatomically lordotic. 

Hyper-rotatory Kyphosis 

Hyper-rotatory kyphosis is another basic defor- 
mity of the scoliotic spine that occurs especially 
in infants. It is in reality a paradoxical kyphosis, 
corresponding to intervertebral lordosis but with 
an axial rotation so marked that the lateral scoli- 
otic collapse appears on the sagittal plane and 
the patient looks kyphotic. It is apparent when 
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Figure 27.18. a Rotatory dislocation pattern, b Notice the tension band on the convexity, c When the convex approach is performed, the tension 
band of the ligaments on the anterior part of the spine is disrupted and instability is increased, so curve must worsen (arrow), d The concave side 
approach with strut grafts stabilized. Notice that they are always oblique in the coronal plane. 
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Figure 27.19. Apparent kyphoscoliosis, a Hyper-rotatory type. Apex in sagittal and coronal projection coincide, b If anterior fusion from the con- 
cavity with bypass the anterior growth will continue, c If posterior convex, the anterior growth will continue and create progression (crankshaft). 
Only anterior convex fusion will prevent the crankshaft. 
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Figure 27.19. (continued) 



viewed from the top in three-dimensional com- 
puterized reconstruction and easy to recognize 
on antero-posterior and sagittal views because 
the apex of the kyphosis is at the same level as the 
apex of the scoliotic curve (Figure 27.19 a,b). 

This deformity is common not only in infan- 
tile and very progressive juvenile scoliotic idio- 
pathic curves, but also in lumbar kyphosing 
scoliosis in adult and elderly spines. In these 
latter cases it is mixed with degenerative change 
in capsules, disks, and ligaments. For this hyper- 
rotatory kyphoscoliosis, the concept of three 
horizontal columns is very important, because if 
the anterior column disappears or was ejected 
laterally and backward from the gravity line, 
nothing would hold the spine in the front and 
the collapse would appear kyphotic. This type of 
hyper-rotatory curve can be corrected through 
an anterior convex approach with detorsion 
devices following anterior real release and 
instrumentation. The realignment of the spine 
is achieved by correction of axial rotation and 



lateral ejection, automatically correcting the 
sagittal plane [12,16]. 

This hyper-rotatory kyphoscoliosis is 
observed in the crankshaft phenomenon 
already described above, because introduced to 
the three-dimensional concept is a fourth 
dimension, time (Figure 27.19 b, c). 

Paralytic Pelvic Obliquity 

Paralytic pelvic obliquity is also a great applica- 
tion of spinal biomechanics in the growing 
spine (Figure 27.20), coming directly from the 
pelvic vertebra concept. This pelvic vertebra 
intercalary between spine and lower limbs will 
be displaced in three dimensions according to 
the imbalance created by the paralysis. It is why 
obliquity of the pelvis must be considered in 
three dimensions and displaced from the 
physiologic and anatomic positioning in rela- 
tion not only to the amount and quality of the 
paralysis but also to the subsequent symmetri- 
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cal or asymmetrical contracture coming from 
the paralysis. Obliquity of the pelvis must be 
considered in the coronal, sagittal, and horizon- 
tal planes. Each displacement in one direction 
results in a change in the other two. We must 
distinguish the three levels of disorder and 
deformity able to move the pelvic posture: they 
can exist above the pelvis, below the pelvis, and 
inside the pelvis itself [7,16,22,23]. 

The reasons for disorders above the pelvis 
occur in the evolution of the lumbar spine. 
Large differences exist between the deformities 
of the pelvis in the same direction as the lumbar 
spine whatever the plane of study. It is the 
regular pelvic obliquity. Conversely, the pelvis 
can be displaced in the opposite direction 
(whatever plane) which is termed opposite 
pelvic obliquity. 

Below the pelvis, reasons involve contractures 
and symmetrical or asymmetrical paralysis 
giving rise to a displacement of the pelvic ver- 
tebra due to these contractures (for example, hip 
flexor contractures giving hyperlordosis and 
pelvic anteversion, adductum, or abductum), 
which leads to displacement in the coronal 
plane of the pelvis. 

Finally, if the paralysis occurred in a young 
growing child, exactly the same thing as in other 
joints or bones appears and the deformity 
occurs inside the pelvis and can result in the 
bone of the pelvis twisting one side around the 
other. Correction of disorders above the pelvis 
can be achieved with correction of the spine 
itself, while correction of disorders below the 
pelvis is achieved with hip surgery. Internal 
pelvic correction can only come from sophisti- 
cated pelvic osteotomies. This also leads to cases 
of paralytic scoliosis in which fusion to the 
sacrum is recommended. This not only has to be 
done every time the pelvis is displaced in the 
same direction as the lumbar curve or when this 
displacement is even more pronounced, but also 
when permanent asymetrical contractures or 
paralysis remain at the lumbo-pelvic junction. 
On the other hand, it is not necessary to fuse if 
L5 is perfectly aligned with the pelvis and when 
no asymmetry exists in the three-dimensional 
muscle balance at the lumbo-pelvic junction. 
These concepts must be considered if surgical 
treatment is to be achieved in a logical manner 
(Figure 27.19b) [15]. 



Post-laminectomy Disorder 

When the resulting kyphosis lies at only one or 
two successive levels, there is angular kyphosis. 
When on a long segment with many involved 
levels (for example, the entire thoracic spine), 
this results in a long, smooth, regular kyphosis. 
However, if the location is cervico-thoracic (for 
example a C5-D5 laminectomy), then the 
patient starts to develop kyphosis because of the 
failure of the stabilization, especially just after 
the junction with the normal spine, as the com- 
bination of the weight of the head and the neces- 
sity for horizontal gaze leads to the well-known 
swan neck deformity that progresses through- 
out development if not treated and protected by 
a brace and cast (Figure 27.21 a, b) [8-10]. 

Pathologic Examples of 
Biomechanics Related to 
Spinal Balance in Childhood 
and Adolescence 

Fusion to the sacrum [15] can restore balance 
and favor walking in paralytics; for example, a 
paralytic post-polio spine fixed to L4 for scolio- 
sis in a patient with complete paralysis of both 
lower limbs. Despite two lower-limb calipers, the 
standing posture can not be achieved without 
the support of two crutches. It appears as a pro- 
gressive flexion of L5 and pelvic vertebra to the 
front. Extending the fusion in a lordotic manner 
to the sacrum allows balance and standing posi- 
tion to be restored with two below-hip calipers 
and without any additional support from the 
upper limbs. 

Fusion to the Sacrum Without Sufficient 
Lumbar Lordosis (Flat Back) 

This can destroy the possibility of standing in 
some muscular dystrophy patients. This flat 
back gives rise to anterior tilting of the trunk 
and instability. The gravity axis runs in front of 
the femoral head instead of going behind. Cor- 
rection can be made by osteotomy of the lumbar 
fusion giving rise to lordosis or by bilateral 
anterior opening pelvis osteotomy allowing 
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Figure 27.20. a In paralytic pelvis obliquity, the reasons for distorsion arise from three levels: above (supra pelvic) = spine deformity, below (infra 
pelvic) = lower limb contracture, inside (pelvic) = proper distorsion of the pelvic unit, b We must think, too, on the sagittal plane with lumbosacral 
lordosis or kyphosis as in the coronal plane. This allows regular pelvic obliquity where the lumbar spine and pelvis are going In the same direction 
or in the opposite direction when the pelvis is displaced in the opposite direction of the lumbar spine, c The logical way to analyze and treat pelvic 
obliquity with lordosis. 



posterior translation of the gravity line (until 
lying just behind the center of the femoral 
heads) and achieving sagittal balance [15,17]. 

L5-S1 spondylolisthesis is a perfect example 
of a genetic/traumatic growing spine disorder. 



Two types of spondylolisthesis in children can 
be recognized (Figure 27.22 a, b). 

One type is secondary to repeated traumatic 
stress fracture of the pars interarticularis 
arising from overuse and is often seen in gym- 
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nasts and other repetitive sporting activities in 
young children. The lysis may remain without 
slippage, and when the slippage starts, the 
sacrum is still horizontal. From this point it 
remains almost always horizontal. This occurs 
in reality with a genetic factor probably on the 
shape of the pelvis and lumbo-sacral area as we 
can find examples in one or both parents. 

The other type of pediatric spondylolisthesis 
is sometimes called congenital, even if spondy- 
lolisthesis generally does not exist at birth. Very 
quickly a congenital kyphosis occurs at the 
lumbo-sacral area and creates a vertical sacrum 
with common local congenital anomalies like 
spina bifida occulta as well as very short poste- 
rior lever arm for soft tissue and ligamentous 
structure insertions. 

The horizontal sacrum spondylolisthesis, 
where the sagittal angle constructed by the 
upper part of L5 and posterior part of SI is over 
1 10°, generally does not progress and very rarely 
requires surgical treatment. However, congeni- 
tal spondylolisthesis with a vertical sacrum 
(where the angle is below 90° and describing a 
true lumbo-sacral kyphosis) is always progress- 
ing and almost always requires surgery to 
prevent further progression. This surgery will 
also correct the kyphosis to lordosis and fuse 



the lumbo-sacral junction into the correct posi- 
tion, restoring an angle of at least 110° and 
ensuring permanent stability when fusion is 
achieved [24]. 

In vivo dynamic evaluation of scoliosis before 
and after surgery and spinal fusion is another 
demonstration of spinal biomechanics [25,26]. 
This is done with a three-dimensional Vicon 
camera and by studying posture as well as 
motion in the three directions for various levels 
of fusion in idiopathic scoliosis. This study has 
demonstrated that: 

Pelvic and head posture in a thoracic scoliotic 
curve group of children is very different from 
the control group of children of the same age 
and without spinal deformities. 

After surgery, the three-dimensional position of 
the pelvis and the head is very different from the 
preoperative posture, showing that compensa- 
tion for the change of the spinal contour in a 
segmental region (thoracic) develops, changing 
head and pelvic positioning to achieve balance. 
This is why motion of the hip j oints, especially for 
possible hyperextension, is so important, allow- 
ing motion of the pelvic vertebra in the sagittal 
plan to ensure this compensatory tilt of the inter- 
calary bone in the sagittal balance chain. 
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Figure 27.21. Post-laminectomy disorders, a Analysis of removal of stabilizing structures and consequences, b Two types of post-laminectomy 
kyphosis, i) acute cervical kyphosis after short laminectomy, ii) swan-neck deformity after long cervico-thoracic laminectomy. 
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Figure 27.21. {continued) 
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Figure 27.22. Spondylolisthesis in children. The difference between 
the horizontal (b) and vertical sacrum (a) is very important for 
prognosis. 



Genetic Factors 

Genetic factors are involved in all previous char- 
acteristics of the growing spine. This is well 
known in the study of bone and cartilage struc- 
tures and very much confirmed when evaluat- 
ing the quality of the soft tissues (hyperlaxity, 
borderline chondrodystrophy). Moreover, very 
seldom do short-stature parents give genes for 
height to their children. It is likely that even 
maturation of the nervous system is genetically 
predicted. However, each person is unique 
because of the amount of characteristics that 
have been delivered genetically, bearing in mind 
that some changes are resultant on the interac- 
tion of adjacent genes. 

This results in some specific factors that affect 
the growing spine and differentiates some chil- 
dren from the adult population or even from 
other children of the same age. This provides 
them with their own unique growth potential, 
hypermobility, and adaptation to malleability of 
the spinal organ. 

The changing mechanical properties of the 
spinal structures with age depends also very 



much on genetics as does the shape of the sagit- 
tal contour that determines thoracic kyphosis 
and subsequent lumbar lordosis, or the expan- 
sion of the shoulders and full span of the upper 
limbs. Some children grow and develop quickly, 
others more slowly. It is amazing to find that a 
Mediterranean girl has menarches at around 
11 years of age, but it is four years later in a 
Scandinavian girl (at around 15 years of age). 
The variation is individual but genetically pre- 
dicted. It is the same for the quality of regener- 
ation after bone or articular cartilage injury, and 
finally also for maturation of neuromuscular 
control. 

Rather than comparing one child to another, 
giving difficult references for normality, we 
must understand that normality covers a wide 
range of variations and that each child must be 
analyzed individually for every item relating to 
the definition of spinal biomechanics. 



Conclusion 

Biomechanics of the spinal organ during the 
growth period is of importance for the function 
of the spine during adulthood, because it is the 
time when the skeletal structures are being 
completed prior to adulthood and aging. 
However, it is also the time when maturation of 
neuromuscular systems occur giving the best 
possible adaptation to the genetic morphotype 
of the person to allow erect posture for stand- 
ing or sitting or to benefit moving performance. 

Before growth has ended, aging begins, giving 
rise to other pathological changes that will 
influence the spinal organ and subsequent 
posture and function. The influence of genetics 
in aging is just as great. We can confidently say 
that for biomechanics in orthopedics, and espe- 
cially for the spine, genetic and traumatic 
factors are the only factors working on develop- 
mental growth as well as the degenerative aging 
spine. 

Finally, orthopedics in general but especially 
seen within the scope of spinal physiopathology 
is really a three-dimensional science and must 
be understood theoretically but also practically 
within these dimensions. 
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28 Biomechanics of the Growth Plate 

S. Saito, A. Kusaba, and U. K. Lewandrowski 



The growth plate exists between the physis 
and epiphysis in tubular bones and distributes 
the force and load placed on osseous units. A 
growth plate has different mechanical proper- 
ties from bone [1-6]. It is important to study the 
mechanical properties and biomechanics of the 
growth plate to understand the mechanism of 
its injury (i.e., epiphyseal slip of the femoral 
head, epiphyseal fracture of long bones) and 
some authors have studied the property by 
experimental methods [1,7-9]. 

The growth plate has three-dimensional 
unevenness, which has been confirmed by scan- 
ning electron microscopic studies. This uneven- 
ness gives the growth plate a multi-directional 
endurance against compression, strain, and 
shear stress. The yield strength of a growth 
plate depends on the degree of this three- 
dimensional unevenness [10,11]. 

Bone, cartilage, and epiphyseal plates have 
elastic and viscoelastic properties [12]. Methods 
to study the viscoelastic materials include 
stress absorbing tests creep tests, histeresis 
and dynamic stress tests. Recent studies re- 
veal that measurement should be performed 
under dynamic load to evaluate this property 
[12-19]. The tangent delta value represents 
the viscoelasticity as the dynamic ability of 
shock absorption calculated from the phase 
lag (delta) between dynamic stress and the 
response of the specimen to this stress to indi- 
cate the viscoelasticity. This tangent delta value 
represents both energy loss (i.e., total amount 
of the absorbed stress by a specimen) and 
phase lag. It also demonstrates the softness of 
the specimen as the “ability for storing the 
stress” [14]. When this value is larger, it means 
that the specimen is softer, e.g., jelly has more 
tangent delta value than rubber. Kobayashi 



analyzed the mechanical property of maturative 
callus by both static and dynamic tests [20]. 
According to his results, static tests only indi- 
cated the mechanical property of the weakest 
portion in uneven callus, while dynamic tests 
indicated the total mechanical property of 
callus quantitatively. Yoshida pointed out that 
the minimum change of tangent delta was 
observed under a dynamic stress of 1 to 10 Hz. 
This result indicates that the epiphyseal plate 
has viscoelastic properties rather than viscotic 
properties [21]. Mow produced a dynamic 
viscoelasticity test by applying shear stress on 
articular cartilage. According to this experiment 
the dynamic elasticity of the cartilage was 0.2 to 
2.5 MPa (under 0.01 to 20 Hz dynamic load), and 
its tangent delta value was 0.6 to 2.6. These 
results infer that epiphyseal plates have shock- 
absorbing abilities [22]. 

The yield strength of the growth plate has 
been variously reported as it depends on the 
material of the experiment [23]. According to 
Bright, the strength of the force which made a 
crack in the growth plate was one-half of the 
yield strength of the growth plate. On the other 
hand. Bright and Nakada reported that there 
was no relation between these two strengths 
[1,11]. Chung reported that force within the 
strength of physiological range was enough to 
cause epiphyseal slipping in overweight chil- 
dren and suggested that purely mechanical 
factors may play a major role in the etiology of 
slipped capital femoral epiphysis [24]. Williams 
made an experimental study and found that 
the shear strength of the physis varies with 
anatomic location. According to this experi- 
ment, the posterior region of the tibia physis 
had the greatest strength and stiffness, lowest 
physeal thickness, and steepest inclination [23]. 
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Kim pointed out that the strength depends on 
the existence of the cartilage membrane [10]. 
The membrane seems to reinforce the growth 
plate in cooperation with its three-dimensional 
structure. In his report, the ratio of fracture 
strain between the growth plate without/with 
cartilage membrane was 61% (tensile strength) 
and 37% (strain strength). Chung made post- 
mortem studies of hips in children to determine 
the shear strength and modes of failure of 
the capital femoral growth plates [24]. In this 
experiment, the shear strength of the human 
growth plate varied with age and was greatly 
dependent on the surrounding perichondrial 
complex in infancy and early childhood, but less 
so in adolescence. When this complex was 
excised, the strength of the epiphyseal plate was 
diminished, especially in younger children. The 
velocity of stress is also an important factor in 
growth plate injury, as the growth plate has vis- 
coelastic property. Kim reported that Salter- 
Harris type I injury is caused by the stress of 
relatively slow velocity and II and III by high 
velocity [10]. Histological studies performed 
concurrently with the yield-strength test varies 
among authors. This seems to be brought about 
mainly by differences in the method of experi- 
mentation. According to Salter and Amailo, epi- 
physeolysis occurred in the hypertrophying 
layer [25,26]. Bright reported that it occurred 
with a stairway form in the hypertrophying 
layer and palisading layer [1]. According to 
Nakada and Brasher, epiphyseolysis occurred in 
different layers depending on the portion of the 
growth plate [11,27]. From the clinical point of 
view, epiphyseolysis mainly occurs in the hyper- 
trophying layer or transient portion to the 
metaphysis in slipped capital femoral epiphysis 
[23,28,29]. 

The mechanical property of the growth 
plate depends on the maturation. It has been 
reported that the strength of the epiphyseal 
plate increases along with maturation [11,24]. 
Yoshida reported that the viscoelastic property 
of the epiphyseal plate under dynamic stress 
decreases according to body weight, i.e., matu- 
ration [21]. Guse reported that the stiffness and 
strength of the growth plate increased with 
maturation [30]. In his report, it was suggested 
that this increase of strength depended not only 



on the growth of the cross-section area of the 
growth plate but also on the increase of strength 
of the epiphyseal plate component itself. On 
the other hand, traumatic epiphyseal injury 
or femoral head slip often occurs during the 
growth spurt. Guse explained there reciprocal 
facts by an ultimate strain theory [30]. Mechan- 
ical property change caused by aging also seems 
to be brought about by the change in structural 
and biochemical composition of the growth 
plate. The thickness of the growth plate 
decreases and the three-dimensional structure 
is emphasized corresponding to maturity 
[11,24]. The strength and elastic modulus 
of cartilage is in proportion to the quantity of 
collagen, and the viscoelasticity is to that of 
proteogrycan. It has been known that collagen 
increases, and moisture and proteogrycan 
decrease, in the cartilage matrix corresponding 
to maturity [11]. 

The growth plate is subject to some local and 
systematic factors; such as insulin-like growth 
factor, epithelial growth factor, proteoglycans, 
androgen and estrogen steroids, thyroid hor- 
mones, and growth hormone [28,31-34]. More 
especially, growth hormone affects the mechan- 
ical property of the growth plate by acting on 
the germinal layer. Lack of growth hormone 
causes shortening of the tubular bone, thinning 
of the epiphyseal plate, and the increase of ulti- 
mate strength or strain. However, lack of growth 
hormone makes no change in the longitudinal 
elasticity of the bone [32]. 

As mentioned above, mechanical stress 
affects the growth plate and the longitudinal 
growth of the bone. Excessive mechanical stress, 
i.e., traumatic injuries to the epiphyseal carti- 
lage, may cause a pathologic interference with 
osteogenesis that is often irreversible [26,35,36]. 
On the other hand, some degree of mechanical 
stress is necessary to activate the growth plate. 
Greco explained these effects of mechanical 
stress from the viewpoint of cartilage metabo- 
lism; single, high-compressive force induced an 
irreversible [^^S] sulfate uptake [8]. This result 
indicates that acute compressive trauma may 
cause a permanent inhibition of growth plate 
chondrocyte proliferation and matrix synthesis. 
Multiple, intermittent, low- compressive force, 
grossly as in physiologic load-bearing, inversely 
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enhances the metabolism of the growth plate by 
increasing both mitotec activity and matrix 
synthesis [8]. Klein demonstrated that intermit- 
tent compressive force enhanced in vitro Ca^^ 
and HPO4" precipitation in the growth plate 
[37]. These reports infer that appropriate 
mechanical stress can modulate not only the 
direction but also the extent of bone growth. 
Clinically, it is well known that insufficient load 
stimulation causes inadequate growth in bones 
[38,39]. The growth plate behavior observed in 
the proximal femur of a congenital hip disloca- 
tion is a good example. The authors have exper- 
imented on canines to clarify the abnormal 
shape of the femur in congenital hip dislocation. 
According to this experiment, physiological 
antetorsion of the femur is formed mainly in the 
distal one-third of the femur, and proximal 
femur rotates at the growth plate in the direc- 
tion of slight retroversion rather than antever- 
sion in maturity. The total antetorsion angle 
is given by the difference between this distal 
antetorsion and slight proximal retroversion. 
Adequate load seems to be necessary to get 
this proximal retroversion so that the antetor- 
sion angle will be in excess in congenital hip 
dislocation [38,39]. 

Growth speed also depends on the continu- 
ous force given to the growth plate [5,7]. 
Epiphyseodesis is a clinical application of 
this phenomenon [40-45]. Continuous com- 
pression stress can stop longitudinal growth in 
bones. It causes a decrease in height of the 
column cells, followed by hyperplasia of the 
column cells, which reveals an inhibition of 
the mineralization with continuity of cell pro- 
duction. This process of mineralization seems 
to be more sensitive to compression while the 
development of cartilaginous cells is scarcely 
affected [7]. Bonnel, using external fixators, 
measured compression forces through the 
growth plate of the lower end of the femur in 
rabbits, to calculate the degree of compression 
force necessary to slow down or to stop growth. 
According to this experiment, growth may 
become normal following release of compres- 
sion provided that the compression was not 
excessive, and a histological study showed 
lesions varying from a simple diminution in the 
height of cellular columns to the development of 



bony bridges depending on the intensity of 
the compression [7]. Distracting force has been 
described as an accelerating factor. However, 
experimental studies have brought contradict- 
ing results. A distraction on the superior epi- 
physis of rat tibia led to lengthening of it, 
followed by a complete destruction of the 
histologic structures of the growth plate, which 
was replaced by fibrous tissue. The lengthening 
of sheep tibial growth plates resulted in epiphy- 
seolysis, rapidly followed by an epiphysiodesis 
[46]. 

The growth plate is affected not only by direct 
force but also by remote force, such as electro- 
magnetic fields or radiation [47-49]. Brighton 
has made a series of experiments and reported 
that the application of a proper electrical field 
stimulated the rabbit growth plated and pro- 
moted longitudinal bone growth. He referred 
the possibility of an application of this stimula- 
tion to the human body [48,50]. However, the 
mechanism of this growth stimulation is still 
unknown [7]. The growth plate is radiosensi- 
tive, and the proliferating zone is the most 
sensitive [51]. In animals, 1,200-3,000 rads of 
irradiation results in maximum damage to the 
proliferating zone, with cessation of growth. 
Irradiation causes not only growth disturbance 
but sometimes also causes slipped capital 
femoral epiphysis [51]. 

Phenomena which occur from diseases or 
physical behaviors of the growth plate are rela- 
tively well understood, as most of their results 
are visible. However, most of their mechanisms 
are hidden by a veil of mystery and there are still 
many contradictions and conflicts in the litera- 
tures as shown in this article. Investigations of 
new approaches, such as biomechanics, bio- 
chemistry, and molecular biology, are expected 
to reveal the mysteries of the growth plate 
[52,53]. 
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The function of growth with which the physis 
is concerned is subject to many genetic, hor- 
monal, metabolic, vascular, and mechanical 
factors. 

From Delpech [1] in 1823 who wrote: “By 
bending the bones in the opposite direction to 
the direction in which they wanted to go, it (the 
device for raising a club foot) was able to 
produce constant compression on certain points 
of the articular surface and retard the develop- 
ment of the compressed parts . . to Blount [2] 
who suggesting putting staples on growth plates 
to modify their function, the role of biome- 
chanics on the physis has long being intuitively 
understood. Since then many experiments have 
better explained the interactions between bio- 
mechanics and growth. 

We propose to describe what is currently 
known about biomechanics as an isolated factor 
acting on the growth plate. This presentation is 
artificial insofar as the effects which can be seen 
have been mediated by the other factors, hor- 
monal, metabolic, or others, referred to above. 
We will then describe the biomechanics con- 
cerned specifically with the growth plate and the 
biomechanical effects on growth before dis- 
cussing clinical applications. 

The Biomechanics of the 
Growth Plate 

Organization of the Growth Plate and 
Resistance to Stresses 



into a seriated column; and of the hypertrophic 
zone, itself subdivided into a maturation zone 
and a degeneration and calcification zone. All 
these zones are made up of chondrocytes and an 
extracellular matrix. 

This matrix consists of 80% water and 20% 
macromolecules (proteoglycans, collagen, 
and glycoproteins). The glycosaminoglycans 
forming part of the proteoglycans are very 
hydrophilic. Pressure makes them force out the 
molecules of water which they recapture as soon 
as the pressure eases. 

Collagen is secreted by the chondrocytes. It is 
collagen which gives the growth plate its cohe- 
sion and its strength. 

This physis is surrounded by two structures, 
Ranvier’s ossification and Lacroix’s perichondr- 
ial layer. Of these two, it is mainly the second 
which, by a collagen-fibrous network continu- 
ous with the periosteum to the metaphysis and 
the fibrous portion of Ranvier’s ossification 
segment to the apophysis, ensures the mechan- 
ical stability of the physis against shear stresses 
in particular. 

Another anatomical arrangement of the 
physis assists its resistance to shearing and 
these are the mamillary processes. The bound- 
ary between the growth plate and the metaph- 
ysis is not a flat but an uneven surface made 
up of these mamillary processes enabling 
better anchorage of the growth plate on the 
metaphysis. 

Finally, the ligamentary formations also help 
to give the physis mechanical strength. 



The growth plate consists, successively from the 
epiphysis to the metaphysis, of the reserve or 
germinal zone; the proliferative zone, organized 
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Experimental Data 

Moen [3] subjected calf femurs and tibias to 
compression, flexion, tension, and shear stresses 
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and studied the “histological journey” traveled 
by fractures separating the growth plate which 
have been observed. 

Separation occurs mainly in the reserve 
zone for compression, in the proliferative zone 
for traction, and between the proliferative 
zone and the hypertrophic zone for flexion. 
Shearing does not correspond to a specific 
breakage zone. 

Chung [4] also studied the breakage sites of 
50 specimens of the femoral neck and head of 
children subjected to mechanical stresses. The 
fractures seen were of Salter and Harris type I 
for specimens from children under five years of 
age and of type II in older children. Resection 
of the perichondrial layer increased the number 
of type I and type II fractures seen. This last 
idea is confirmed by Gigante [5] who estimated 
the loss of strength on shearing of growth 
plate after excision of the perichondrial layer 
to be 50%. 

Amamilo [6] studied the importance of the 
axial forces and in shearing on the growth plate 
of 110 rats necessary for obtaining epiphysioly- 
sis. Two groups were compared according to 
the absence or presence of the periosteum. The 
forces were significantly less marked when the 
periosteum had been removed, in particular in 
the youngest specimens. Bright [7] studied the 
relationship between the extent of the shear 
stresses needed to obtain epiphyseal separation 
and the rate of application of this force. He con- 
cluded that the faster the stress is applied, the 
more marked it has to be to produce separation. 
This underlines the viscoelastic properties of 
the physis. He also demonstrated that as soon as 
50% of the shearing load needed for separation 
is reached, microfractures appear histologically 
in the physis. If the force applied is removed, 
these microfractures remain, subsequently 
reducing the mechanical strength of the growth 
plate. 

Rudicel [8] showed that for a proximal 
femoral cartilage in the rabbit subjected to a 
shear stress, the line of separation advances with 
age from the proliferative zone to the hyper- 
trophic zone of the growth plate. Lee [9], and 
Williams [10] underlined the anisotropic nature 
of the mechanical resistance of growth plate to 
identical stresses exerted during simple shear- 



ing, parallel to the growth plate according to the 
direction from which antero-posterior or 
postero-anterior force is applied. 

Peltonen [11] studied the resistance of the 
physis in the lamb to torsional stresses. The 
breaking strength increases with age with a 
reduction in the phase immediately before 
puberty. In the young animal, the zone of sepa- 
ration passes into the zone of the hypertrophic 
layer. In the older animal, the line of separation 
is more sinuous, sometimes carrying away 
metaphyseal fragments. 

Growth Force Developed by the Physis 

It is currently observed that the ends of 
staples implanted to arrest growth move apart 
over time. Bylander [12] monitored growth 
using stereophotogrammetry on markers im- 
planted after epiphyseal stapling of a boy 
aged 9 V 2 years. At this age normal growth 
ranges between 40 and 60 ^m per day. After 
stapling, growth is initially very slow, then 
increases over the next three months to reach 
10 /im per day, as the widening of the staples 
increases. In the following six months, growth 
slows again to reach a minimum value of 2 jum 
per day, which persists for approximately two 
years. At the same time, the ends of the staples 
move apart by a third of the distance separating 
them. 

Bylski-Austrow [13] investigated the forces 
needed to separate the ends of staples seen in 20 
patients by reproducing this separation on a 
mechanical test bench. He concluded that the 
static force exerted inside the distal femoral or 
proximal tibial growth plate is 0.5 KN per 
physis. The stress developed would be equiva- 
lent to 1 MPa. 

Bonel [14] evaluated the force developed by a 
distal growth plate in the rabbit, which can be 
as much as 38 N before complete inhibition by 
compression, which, brought to the surface, 
represents a force of 19g/f/mm^ 

Characteristics of the Growth Plate 

The growth plate is a viscoelastic structure, 
displaying mechanical anisotropy which, by 
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growth, is capable of developing a force approx- 
imately equivalent to the weight of the body. 
The stresses applied to the growth plate can vary 
in intensity, direction of application, and pro- 
duction cycle, leading to different responses 
from the physis, which we will now study. 

Effect of Weightlessness on the 
Growth Plate 

The adverse effects of weightlessness on chon- 
drogenesis have been underlined by Duke [15]. 
The proliferation and differentiation of the 
chondrocytes are adversely altered as is the 
extracellular matrix. However, the problem of 
how to reproduce the results remains because 
of the many parameters inherent in this type of 
experimentation. This is why the experiments 
were conducted in the laboratory by Duke, 
Montufar-Solis, and Wronski [15-18] in order to 
be able to analyze more accurately the fate of the 
growth plate in animals placed in a state of 
weightlessness. Subjected to weightlessness, the 
growth plate decreases in thickness, in particu- 
lar in the hypertrophic zone. When returned to 
a state of normal gravity, growth appears to be 
stimulated compared with the control animals. 
This “rebound” capacity depends on how long 
the period of weightlessness lasts. Present after 
7 days in a weightless environment, it is no 
longer seen after 12.5 days spent in a weightless 
state. 

It should be noted that opposite experiments 
conducted by Montufar-Solis [16], in which rats 
were subjected to hypergravity, revealed a 
reduction in the height of the hypertrophic layer 
and a reduction in the number of cells both in 
the hypertrophic layer and in the proliferative 
layer. 

Sibonga [19] studied the effects of weight- 
lessness on the growth of the length of bones in 
rats. He saw no difference in growth between 
the control group and the group subjected to 
gravity-free situations by using a fluoro chrome 
marker, irrespective of the age or sex of the 
specimens or the duration of the absence of 
gravity. On the other hand, he saw changes in 
the extracellular matrix which could have a neg- 
ative effect on endochondral ossification. 



Effect of Compression on the 
Growth Plate 

Delpech [1] in 1989 and Hueter [20] in 1862 pos- 
tulated that compression reduces cartilage 
growth. According to Pauwels [21], a growth 
plate subjected to stress on flexion, provided 
that it is biologically intact, will develop differ- 
ential growth, more marked on the side of the 
compression than on the traction side, the end 
result being that the stresses to which the carti- 
lage is subjected are again uniformly distributed 
over its surface. 

Bonnel [22] demonstrated that by applying 
compression which is constantly readjusted to 
remain constant on a distal femoral growth 
plate in the rabbit, it is possible to retain a 
regular quantity of infra-physiological growth. 
Bonnel [14] also demonstrated that if compres- 
sion of less than 32 N is applied for one month 
to distal cartilages in rabbit femurs and if this 
compression is then removed, not only does 
growth resume but at a faster rate than normal 
for 4-5 days, an “overshoot” phenomenon. 
These findings perhaps explain what Pauwels 
saw and seem to contradict the laws of Hueter 
and Delpech. 

Alberty [23] saw a reduction in the height of 
the hypertrophic and proliferative zones of the 
physes of distal femurs in rabbits subjected to 
compression as well as a reduction in the number 
of chondrocytes in the proliferative zone. 

Mankin [24] subjected distal radiuses of 
5-7-day-old calves to a compression of 245 N 
(0.012 M Pa) in an organ culture for 24 hours. 
The compression reduces the synthesis activity 
and the secretion of prostaglandin. No change 
was seen in the incorporation of the thymidine, 
which would seem to indicate that cell multi- 
plication is not adversely affected. 

Arriola [25] subjected 18 lambs to compres- 
sion of the distal femoral and proximal tibial 
physes. He found a thicker germinal zone on the 
tibias which had been operated on. The pro- 
liferative zone of the tibias subjected to com- 
pression was reduced in height whereas the 
hypertrophic zone was thicker both in the 
femoral physes and in tibias which had been 
operated on. 
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Cohen [26] carried out an in vitro study on 
osteo-physo bone test pieces removed from the 
central and peripheral part of the growth plate 
in distal femurs in calves. The results show that 
the aggregation module is not dependent on the 
permeability of the cartilage-bone interface. 
The coefficient of permeability is very depen- 
dent on it and Poisson’s coefficient is dependent 
on the permeability of the interface. In all, the 
periphery of the growth plate is more compliant 
and permeable than the central part. 

Gray, Greco, and Klein [27-29] showed that, 
depending on its intensity, the action of com- 
pression can act on the proliferation of the 
chondrocytes and/or on their syntheses. A low- 
intensity static force reduces the synthesis of the 
glycoaminoglycans and protein synthesis in a 
dose-related manner. If the intensity of the force 
increases, both cell proliferation and matricial 
synthesis are adversely affected. 

Finally, for supra-physiological forces, the 
hypertrophic layer doubles itself in thickness 
with a zone of fibrous tissue, the columnar archi- 
tecture of the proliferative zone disappears, and 
vascular tissue increases on the epiphyseal side 
of the physis. This tissue penetrates through the 
germinal and proliferative zones with ossifica- 
tion creating Trueta’s epiphysiodesis [30]. 

Asymmetrical Compression 

Most of the studies on asymmetrical compres- 
sion were carried out after having modified the 
angulation of a diaphysis by osteotomy. Using 
an external fixator, Collard-Meynaud [31] 
applied asymmetrical and continuous forces on 
the distal physis of a lamb’s radius for 9 weeks. 
The force exerted remained within the thresh- 
old of irreversibility. Angular deformation 
occurred due to the lesser growth of the most 
compressed side. Removing the asymmetrical 
compression device revealed the same as that 
demonstrated by Pauwels [21], namely, gradual 
correction of the deformation. 

Effect of Tension on Growth Plate 

Symmetrical Distraction 

Kenwright [32] studied three types of tension 
by external fixator on the physes of rabbits 



close to the end of their growth period. Three 
tension forces were applied at 0.13, 1.26, and 
0.53mm/day. When the rate of growth was 
0.53 mm/g, the force applied rose to 25 N then 
decreased very rapidly, corresponding to epi- 
physiolysis. For lesser amounts of daily traction, 
the force applied culminated in 16 N then 
remained stationary without epiphyseal separa- 
tion but without a significant gain in length. 
This study contradicts that conducted by 
Pereira [33] who performed distraction of 
0.5 mm/day by external fixator in 32 six-week- 
old rabbits with three sub-groups being dis- 
tracted for 2, 3, and 4 weeks, respectively. After 
the fixators had been removed, an increase in 
length of 3, 3.6, and 4 mm, respectively, was 
obtained. Monitoring after removal of the dis- 
tractors over 13 weeks shows that the gain in 
length obtained is maintained. The contradic- 
tion between these two studies is perhaps only 
apparent because the age of the rabbits is very 
different, close to the end of the growth period 
in the first, younger in the second. Two other 
contradictory studies are reminiscent of these 
two studies on the gain in length, namely two 
studies on the effects of tension on the cellular 
activity of the chondrocytes. 

Apte [34] performed distraction in immature 
rabbits with a distractor reaching a maximum 
force of 20 N. The proliferative cells were labeled 
with bromodeoxyuridine (BU-dR) and were 
revealed by anti BU-dR antibodies. After ten 
days of distraction with a constant tension 
force, the seriated columns were disorganized 
and cell proliferation decreased. There was a 
lengthening due to the separation between the 
physis and the metaphysis. Cell proliferation 
was inhibited. The apparent thickening of the 
growth plate was not due to an increase in cell 
proliferation but to inhibition of the endochon- 
dral ossification, resulting in an accumulation of 
hypertrophic cells. 

Alberty [23] labeled the cells in the same way 
with BU-dR. Of 15 rabbits undergoing epiphy- 
seal distraction, 13 displayed epiphysiolysis. In 
this experiment, the tension did not have an 
effect on the number of proliferative cells. In 
another publication produced in the same year, 
to these findings Alberty [35] added the demon- 
stration of BU-dR-labeled hypertrophic cells. 
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the number of which ranged between 5 and 20 
on the epiphyseal side of the physis and sug- 
gested that hypertrophic cells are capable of 
multiplying under certain conditions. 

Elmer [36] labeled the chondrocytes with tri- 
tiated thymidine and the extracellular matrix 
with radioactive sulfate. In his view, distraction 
would not have any effect on the extracellular 
matrix, cell division, or synthesis but would 
simply produce viscoelastic stretching of the 
cartilage. 

De Bastiani [37] subjected distal growth 
plates of rabbit femurs to elongation of 0.5 mm 
and 1 mm per day. At 1 mm per day, separation 
occurred on the seventh day with ossification 
and complete disappearance of the cartilage 
on the 70th day. At a rate of 0.5 mm per day, he 
did not see any epiphyseal separation on the 
28th day, the day when distraction was stopped. 
On the 70th day, the growth plate retained 
its normal thickness. 

Mankin [24] subjected the cultures of growth 
plate organs kept for 24 hours at a tension of 
245 N (0.012 mM pa). Cell proliferation was 
evaluated by labeling with tritiated thymidine. 
The tension increased the synthesizing activity 
of the cartilage, assessed by labeling with 
radioactive sulfate and the production of 
prostaglandin. There was no change in the 
labeled thymidine activity. 

Alberty [38] found that tension had the same 
microvascular effects as those found by Trueta 
[30] for compression. Distraction followed by 
separation was accompanied by hyperplasia of 
the epiphyseal vessels. The metaphyseal vessels 
were damaged. Neoangiogenesis appeared in 
the zone of separation in the third week and in 
the sixth week, vascular anastomoses appeared 
through the physis. 

Asymmetrical Distraction 

Peltonen [11] applied asymmetrical distraction 
without epiphyseal separation in lambs. New 
formation of metaphyseal bone was studied by 
fluorescence microscopy, microradiography, 
and histomorphometry. The formation of this 
new bone is due to two phenomena, peripheral 
growth from the periosteum, and bone meta- 
plasia of the bridges of collagen with a mixture 



of lamellar and spongy bone. He saw sponta- 
neous recovery after the removal of the distrac- 
tor indicating that the growth plate had retained 
its vitality. 

Clinical Applications 

Lengthening 

Diaphyseal Lengthening by Callotasis 

A study conducted by Lee [39] studied the 
effects on growth plates of diaphyseal dis- 
traction by callotasis. The overall activity of the 
cartilage was evaluated by labeling with oxyte- 
tracycline and the cellular activity was esti- 
mated by labeling with BU-dR. If the length of 
the diaphysis is elongated by 20%, whatever the 
rate of elongation applied, there is no change in 
the activity of the growth plate. On the other 
hand, if the diaphysis is lengthened by 30% or 
up to 50%, the overall activity of the growth 
plate decreases and premature closure of the 
growth plate occurs. 

Lengthening by Epiphysiolysis 

When it is performed at rates of 1 or 1.5 mm per 
day, physeal distraction invariably leads to pre- 
mature closure of the growth plate. When this 
distraction is performed at slower rates, 0.5 mm 
per day, the results are contradictory (De Pablos, 
De Bastiani, Kenwright) [32,37,40]. For some, 
physis can retain its vitality at the end of the 
period of distraction, for others, there is a func- 
tional change in the physis. This technique 
cannot, therefore, be recommended if the aim is 
to lengthen by epiphysiolysis the bones in a 
child who still has considerable growth poten- 
tial and only at the end of the period of length- 
ening does the growth plate resume its normal 
function. It is clear that it is not the epiphysiol- 
ysis itself, when it occurs, which is the cause of 
arrested growth, but the distraction which 
follows. Epiphysiolysis is, in effect, characteris- 
tic of all Salter type 1 and 2 fractures which heal 
without damage to the physis. We even sug- 
gested [41] that this epiphysiolysis technique be 
used to aid in the resection of the epiphysiode- 
sis bridges with the physis starting to grow 
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again after the interposition of surgical cement. 
Jouve [11] demonstrated that the ideal was for 
this interposition material to remain in the 
desepiphysiodesis zone and not climb into the 
metaphysis to avoid the differentiated reforma- 
tion of fibrous or osseous epiphysiodesis. 

Periosteum 

The growth plate is surrounded by Ranvier’s 
ossification zone and the perichondrial layer but 
its function is unimaginable without the perios- 
teum. With the growth plate, this forms a pre- 
stressed structure which we will not discuss in 
further detail here as a chapter of this book has 
been devoted to it. In clinical practice, upper 
metaphyseal fractures of the tibia in children 
which regularly evolve into valgus are definitely 
linked to the rupture of the medial hemi- 
periosteum, partially freeing this pre-stressing. 

Legg-Perthes-Calve Disease 

Yoshida [42] has carried out a histological and 
microscopic angiogeographical study of the 
heads and necks of rat femurs subjected to 
forces ranging from 1 to 3 kg. Plastic deforma- 
tion of the physis under the head in its lateral 
portion can compress the vessels leading to the 
epiphysis. This animal model producing osteo- 
chondritis has to be validated in man before 
putting it forward as an explanation for the 
occurrence of osteochondritis. 

Effect of a Tensioned Tendon Graft 
Aross the Physis 

The repair of the anterior cruciate ligament 
in the child runs the risk of placing a tendon 
across a growth plate. In a growing dog, 
Edwards [43] inserted a tendon formed of the 
fascia lata tensioned to SON, crossing the infe- 
rior femoral and superior tibial growth plate. A 
femoral valgus and a tibial varus occurred 
without the creation of an epiphysiodesis 
bridge. Houle [44] used the rabbit and repro- 
duced the same experiment by placing a tendon 
taken from the patellar tendon and crossing 
four different sizes of tunnel ranging from 
1.95 mm to 3.97 mm in diameter, created across 
the femoral and tibial physis. Eight of the eleven 



rabbits which were subjected to this protocol 
displayed epiphysiodesis which was the more 
marked the larger the diameter of the tunnel. 
This technique therefore runs two potential 
risks, one being misalignment due to the pres- 
ence of asymmetrical forces on healthy carti- 
lage, the other being the risk of epiphysiodesis. 

In summary, the growth plate is a pre- 
stressed, viscoelastic structure displaying 
mechanical anisotropy and controlled by the 
biomechanical stresses to which it is subjected. 
A better understanding of the physico-chemical 
mediators which cause the changes in stresses 
on the physis is a promising area of research 
which will undoubtedly have numerous clinical 
applications. 

References 

1. Delpech JM. De rorthomorphie par rapport a I’espece 
humaine These Paris 1928. 

2. Blount WP, Clark GR. Control of bone growth by epi- 
physeal stapling. J Bone Joint Surg 1949;31:464-78. 

3. Moen CT, Pelker RR. Biomechanical and histological 
correlations in growth plate failure. J Pediatr Orthop 
1984;4:180-4. 

4. Chung S, Batterman S, Brighton CT. Shear strength of 
the human femoral capital epiphyseal plate. J Bone Joint 
Surg 1976;58A:94-103. 

5. Gigante A, Specchia N, Nori S, Greco F. Distribution of 
elastic fiber types in the epiphyseal region. J Orthop Res 
1996;14:810-17. 

6. Amamilo SC, Bader DL, Houghton GR. The perios- 
teum in growth plate failure. Clin Orthop 1985; 194: 
293-305. 

7. Bright RW, Burnstein AH, Elmore SM. Epiphyseal plate 
cartilage. J Bone Joint Surg 1974;56A:688-703. 

8. Rudicel S, Pelker RR, Lee KE, Ogden JA, Panjabi MM. 
Shear fractures through the capital femoral physis of 
the skeletally immature rabbit. J Pediatr Orthop 1985;5: 
27-31. 

9. Lee KE, Pelker RR, Rudicel SA, Ogden JA, Panjabi M. 
Histologic pattern of capital femoral growth plate frac- 
ture in rabbit. J Pediatr Orthop 1985;5:32-9. 

10. Williams JL, Vani JN, Eick JD, Petersen EC, Schmidt TL. 
Shear strength of the physis varies with anatomic loca- 
tion and is a function of modulus, inclination and thick- 
ness. J Orthop Res 1999;17:214-22. 

11. Peltonen J, Aalto K, Karaharju E, Aletalo I, Gronblad M. 
Experimental epiphyseal separation by torsional force. 
J Pediatric Orthop 1984;4:546-9. 

12. Bylander B, Selvik G, Hunsson LI, Aronson S. A roent- 
gen stereophotogrammetric analysis of growth arrest 
by stapling. J Pediatr Orthop 1981;1:81-90. 

13. Bylski-Austrow DI, Wall EJ, Rupert MP, Roy DR, 
Crawford AH. Growth plate forces in the adolescent 
human knee: A radiographic and mechanical study of 
epiphyseal staples. J Pediatr Orthop 2001;21(6):817-23. 




Biomechanics and the Growth Plate 



293 



14. Bonnel F, Peruchon E, Baldet P, Rabishong P. Comporte- 
ment mecanique du cartilage de croissance. Rev Chir 
Orthop 1980;66:417-21. 

15. Duke PJ, Montufar- Solis D. Exposure to altered gravity 
affects all stages of endochondral cartilage differentia- 
tion. Adv Space Res 1999;24(6):821-7. 

16. Montufar- Solis D, Duke PJ, D’Aunno D. In vivo and in 
vitro studies of cartilage differentiation in altered grav- 
ities. Adv Space Res 1996;17(6-7):193-9. 

17. Montufar-Solis D, Duke PJ. Gravitational changes affect 
tibial growth plate according to hert’s curve. Aviation 
Space and Environmental Medicine 1999;70(31):245-9. 

18. Wronski TJ, Morey ER. Recovery of the rat skeleton from 
adverse effects of simulated weightlessness. Metab Bone 
Dis Relat Res 1983;4:347-52. 

19. Sibonga JD, Zhang M, Evans GL, Westerlind KC, Carolina 
JM, Morey Holton E et al. Effects of spaceflight and 
simulated weightlessness on longitudinal bone growth. 
Bone 2000;27(4):535-40. 

20. Hueter C. Anatomische Studien an den Extremitatenge- 
lenken Neugeborener und Erwachsener. Virchow Arch 
1862;25:572. 

21. Pauwels F. Biomecanique de la hanche saine et 
pathologique. Springer Verlag, 1977. 

22. Bonnel F, Peruchon E, Baldet P, Dimeglio A, Rabishong 
P. Effects of compression on growth plates in rabbit. 
Acta Orthop Scand 1983;54:730-3. 

23. Alberty A, Peltonen J, Ritsila V. Effects of distraction and 
compression on proliferation of growth plate chondro- 
cytes. A Study in Rabbits. Acta Orthop Scand 1993; 
64(4):449-55. 

24. Mankin KP, Zaleste DJ. Response of physeal cartilage to 
low level compression and tension in organ culture. J 
Pediatr Orthop 1998;18(2):145-8. 

25. Arriola F, Forriol F, Cahadell J. Histomorphometric 
study of growth plate subjected to different mechan- 
ical conditions (compression, tension and neutraliza- 
tion): An experimental study in lamb mechanical 
growth plate behavior. J Pediatr Orthop Part B 2001; 
10(4):334-8. 

26. Cohen B, Chorney GS, Phillips DP, Dick HM, Mow VC. 
Compressive stress-relaxation behavior of bovine 
growth plate may be described by the non-linear bipha- 
sic theory. J Orthop Res 1994;12(6):804-13. 

27. Gray ML, Pizzanelli AM, Lee RC, Grodzinsky AJ, Swann 
DA. Kinetics of the chondrocyte biosynthetic response 
to compressive load and release. Biochim Biophys Acta 
1989;991:415-24. 

28. Greco F, Palma LD, Specchia N, Mannarini M. Growth 
plate cartilage metabolic response to mechanical stress. 
J Pediatr Orthop 1989;9(5):520-4. 

29. Klein-Nulend J, Veldhuijzen JP, Van de Stadt RJ, Van 
Kampen GP, Kuijer R, Burger EH. Influence of inter- 



mittent compressive force on proteoglycan content in 
calcifying growth plate cartilage in vitro. J Biol Chem 
1987;262:15490-5. 

30. Trueta J. The vascular contribution to osteogenesis. J 
Bone Joint Surg 1961;43B:800-13. 

3 1 . Collard-Meynaud P. Etudes des deformations angulaires 
experimentales du radius chez Pagneau These de 
science. Toulouse, 2001. 

32. Kenwright J, Spriggins AJ, Cunningham JL. Response of 
the growth plate to distraction close to skeletal matu- 
rity. is fracture necessary? Clin Orthop 1990;250:61-72. 

33. Pereira BP, Cavanagh SP, Pho RWH. Longitudinal 
growth rate following slow physeal distraction. The 
proximal tibial growth plate studied in rabbits. Acta 
Orthop Scand 1997;68(3):262-8. 

34. Apte SS, Kenwright J. Physeal distraction and cell pro- 
liferation in the growth plate J Bone Joint Surg Br 
1994;76(5):837-43. 

35. Alberty A, Peltonen J. Proliferation of the hypertrophic 
chondrocytes of the growth plate after physeal distrac- 
tion. An experimental study in rabbits. Clin Orthop 
1993;297:7-11. 

36. Elmer EB, Ehrlich MG, Zaleske DJ, Polsky C, Mankin HJ. 
Chondrodiastasis in rabbits: a study of the effect of 
transphyseal bone lengthening on cell division, syn- 
thetic function and microcirculation in the growth 
plate. J Pediatr Orthop 1992;12(2):181-90. 

37. De Bastiani G, Aldegheri R, Renzi Brivio L, Trivella G. 
Limb lengthening by distraction of the epiphyseal plate. 
A comparison of two techniques in the rabbit. J Bone 
Joint Surg 1986;68(4):545-9. 

38. Alberty A. Effects of physeal distraction on the vascular 
supply of the growth area: a micro angiographical study 
in rabbits. J Pediatr Orthop 1993;13:373-7. 

39. Lee SH, Szo G, Simpson H. Response of the physis to leg 
lengthening. J Pediatr Orthop Part B 2001;10(4):339-43. 

40. De Pablos J, Canadell J. Experimental Physeal Dis- 
traction in Immature Sheep. Clin Orthop 1990;250: 
73-80. 

41. Bollini G, Tallet JM, Jacquemier M, Bouyala JM. New 
procedure to remove a centrally located bone bar. J 
Pediatr Orthop 1990;10:662-6. 

42. Yoshida G, Hirano T, Shindo H. Deformation and vas- 
cular occlusion of the growing rat femoral head induced 
by mechanical stress. J Orthop Sci 2000;5(5):495-502.43. 

43. Edwards TB, Greene CC, Baratta RV, Zieske A, Willis RB. 
The effect of placing a tensioned graft across open 
growth plates: a gross and histologic analysis. J Bone 
Joint Surg 2001;83(5):725-34. 

44. Houle JB, Letts M, Yang J. Effects of a tensioned graft in 
a bone tunnel across the rabbit physis. Clin Orthop Rel 
Res 2001;391:275-81. 




30 Fractures in Children 

A. Kusaba and S. Saito 



Characteristic of Fractures 
in Children 

Management of fractures in children is com- 
pletely different from those in adults. The bio- 
logical reaction to fracture is characteristic in 
children because of the anatomic, physiological, 
and biomechanical properties of skeletal struc- 
ture. Comprehension of the property of bone in 
children is essential to treat fractures. Some 
properties act favorably for bone union and 
some make it difficult to treat the fractures. 

The Role of the Periosteum 

The detailed biomechanics of the periosteum 
is described in another chapter of this book. 
Periosteum in childhood bone is far thicker 
than that of adults and thus more callus appears 
in the early term after the injury. This is one of 
the reasons why union of the fracture is easily 
obtained in children. High activity and rich 
blood supply in the thick periosteum affect new 
bone formation. New bone formation in chil- 
dren occurs so soon after the injury that reduc- 
tion of the displacement, if necessary, should be 
achieved in the early stages. The periosteum in 
childhood bone is stronger than that of adults 
[ 1 ] . It is well known that the connection between 
metaphysis and epiphysis is very strong. This 
strong connection is brought about by the 
strength of the periosteum. When bending 
stress is given to childhood bone, the perios- 
teum would be ruptured only on the convex 
side, not on the concave side. The periosteum on 
the concave side acts as “intact hinge”. This 
“intact hinge” would be helpful to obtain the 



reduced position and to maintain the reduced 
position. On the other hand, if the displacement 
were not reduced at an early stage, the gap 
between the exfoliated periosteum and the bone 
would be filled by new bone and severe defor- 
mity would remain [2]. This phenomenon is 
often observed in unreduced supracondylar 
fractures of the humerus or distal fracture of the 
radius. 

Characteristic of Child Bone 

Bone density and bone porosity in children is 
lower than that in adults [3]. The greater part 
of the bone cortex in children is occupied 
by Haversian canals [4]. Because of both the 
structural properties of bone and the thick 
periosteum, the whole bone unit in children has 
more endurance against stress (e.g., compres- 
sive stress, tensile stress, bending stress) than 
that in adults. Currey made an experimental 
study concerning the strength of the child 
femur. Compared with adults, children had a 
lower modulus of elasticity, a lower bending 
strength, and a lower ash content. However, 
children’s bone deflected more and absorbed 
more energy before breaking. It also absorbed 
more energy after fracture had started. The 
typical greenstick fracture surface of many 
specimens of children’s bone requires more 
energy for its production than the smooth 
surface of adult specimens [5]. Even when a 
fracture occurs in child bone, the fracture 
line is simple and is rarely accompanied with 
severe displacement. Most fractures in children 
are incomplete fractures in which the partial 
continuity of bone remains (i.e., subperiosteal 
fracture). When bending stress beyond the 
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physiological tolerance is given to a bone, 
angular deformity of fracture occurs less often 
in children than in adults. In such cases, green- 
stick fracture more likely occurs in children. 
This fracture is often observed, especially in the 
distal third of the radius. When axial compres- 
sive stress is given to the bone, bamboo or 
buckle fracture often occurs at the metaphysis, 
where the maximum porosity exists. Other- 
wise, a plastic deformation may occur [6]. The 
plastic deformation often observed in pediatric 
long bone fracture is due largely to the complex 
nature of the molecular and histologic aspects 
of pediatric bone. Pediatric cortical bone has a 
lower mineral content than adult bone, account- 
ing in part for its different material properties. 
Although plasticity allows children’s long 
bones to absorb more energy before fracture, a 
significant deformity may persist after injury 
[7,8]. 

Epiphyseal Injury 

Fracture of the growth plate is an injury unique 
to childhood. The prevalence of this injury in 
all fractures in children is 10-30% [9]. Salter 
classified this injury into five groups by the force 
of stress on the epiphyseal plate and the direc- 
tion of stress distribution at the plate, and the 
prognosis: type I, fracture through the growth 
plate; type II, fracture through the growth 
plate and metaphysis; type III, fracture through 
the growth plate and epiphysis; type IV, 
fracture through the growth plate, epiphysis, 
and metaphysis, and type V, crush or compres- 
sion injury of the growth plate [2]. Ogden pro- 
posed a new classification scheme of physeal 
and epiphyseal injuries to allow better estima- 
tion of prognosis for normal or abnormal 
growth. This classification is based partially 
on the Salter-Harris system, but, additionally, 
details subclassifications that relate to specific 
injury patterns [10]. Epiphyseal fracture often 
occurs on the metaphyseal side of the epiphysis 
and most of the epiphyseal cartilage cells 
remain in the epiphyseal side. Most such frac- 
tures heal without permanent deformity. A 
small percentage, however, have subsequent 
complications such as aseptic necrosis of epiph- 



ysis, non-union, premature epiphyseal closure 
(i.e., growth arrest), joint deformity (angula- 
tion, rotation) due to partial epiphyseal closure, 
and unequal length of the leg or arm. The 
growth plate has three-dimensional uneven- 
ness, which has been confirmed by scanning 
electron microscopic studies. This uneven- 
ness gives the growth plate a multidirectional 
endurance against compression, strain, and 
shear stress. The yield strength of a growth 
plate depends on the degree of this three- 
dimensional unevenness [11,12]. The reported 
yield strength of the growth plate varies as it 
depends on the nature of the experiment [13]. 
According to Bright, the strength of the force 
which made a crack in the growth plate was one- 
half of the yield strength of the growth plate. On 
the other hand. Bright and Nakada reported that 
no relation existed between these two strengths 
[12,14]. Kim pointed out that the strength 
depends on the existence of the membrane of 
cartilage [11]. The membrane seems to reinforce 
the growth plate in cooperation with the three- 
dimensional structure of the growth plate. In 
his report, the ratio of fracture strain between 
the growth plate without/with cartilage mem- 
brane was 61% (tensile strength) and 37% 
(strain strength). Amamilo reported that the 
periosteum contributed significantly to the stiff- 
ness of the epiphyseal plate [15]. Hypertrophy- 
ing and calcifying layers are more fragile than 
resting and proliferative layers. However, the 
portion where cracks in the epiphyseal injury 
exist varies with authors. Bright reported that 
the crack was observed not only in the hyper- 
trophying layer but also in the resting and the 
proliferative layer [14]. Nakada reported that 
crack existed mainly between the prolifera- 
tive and hypertrophying layer [12]. Amamilo 
reported that the crack existed in the calcifying 
layer [15]. 

Remodeling after Fractures 
in Children 

When malunion occurs after fracture in chil- 
dren, spontaneous correction of deformity is 
produced by bone remodeling during growth 
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[16-21]. A good example of remodeling can be 
observed in birth fracture. Malunion in children 
is often observed in supracondylar fracture of 
the humerus, lateral condylar fracture of the 
humerus, Monteggia fracture, distal radius frac- 
ture, proximal femoral fracture, and femoral 
shaft fracture. The remodeling is brought about 
by Wolff’s law and the law of Heuter-Volkmann. 
Both of them have been recognized as bone 
reaction against stress such as weight bearing, 
muscle tension, and joint movement. Wollf’s 
law is both periosteal absorption on the convex 
side and periosteal bone formation on the 
concave side in the diaphysis. Treharne regarded 
this law as an effect of piezoelectricity of bone 
[22]. Abraham made a detailed experimental 
study concerning this law [23], according to 
which, the bone absorption on the convex side 
did not occur so much as bone formation on the 
concave side. Weight bearing did not have so 
much influence on remodeling; no significant 
difference was observed between remodeling 
after fracture of the upper extremity and of the 
lower extremity. The law of Heuter-Volkmann 
is asymmetrical epiphyseal growth. Karaharju et 
al. made an experimental study to find out in 
which phase and to what extent asymmetrical 
epiphyseal growth participated in the correc- 
tion of an experimentally produced deform- 
ity. According to their experiment, epiphyseal 
growth played an important role in the remod- 
eling process. The greatest correction occurred 
during the first weeks. Correction of the epi- 
physeal angle took place with acceleration of 
growth [24]. The remodeling potential of 
angular deformities in the coronal and sagittal 
planes in children is well known. According to 
Wallace and Hoffman, in children less than 13 
years of age, malunion of as much as 25° in such 
planes will remodel enough to give normal 
alignment of the joint surfaces. They also 
pointed out that 74% of correction occurred at 
the physes and only 26% at the fracture site. On 
the other hand, there is the poor remodeling 
potential of significant post-traumatic torsional 
deformity of the femur in children [25]. The 
authors made a clinical study concerning three- 
dimensional remodeling against malunion after 
femoral shaft fracture [26,27]. Valgus deformity 
occurred more often than varus deformity 



when the primary union was achieved. This 
may have been an influence of traction direc- 
tion. On the other hand, the angle of deformity 
at the final follow-up was greater in varus defor- 
mity than that of valgus deformity. The convex 
angle of deformity had no significant difference 
between the anterior and posterior convex 
deformity at the final follow-up. Rotational 
malunion was also compensated for to some 
extent. The antetorsion angle of the femoral 
neck against the femoral condyle was around 
30° at the final follow-up either in external or 
internal rotational malunion cases. In any kind 
of deformity, the younger the child the greater 
the angle of spontaneous correction is observed. 
Also, the motion and flexibility of joints com- 
pensates for the deformity. The Mikulics line 
shifted from the medial side to near the center 
of the knee joint in children with valgus convex 
and shifted from the lateral side to near the 
center of the knee joint children with varus 
convex. Such compensation occurred earlier 
than compensation by remodeling. Considering 
these compensations, the deformity within the 
following angles should not cause problems 
during daily activities. The maximum angle of 
acceptable deformity after the primary union is 
30° in children aged one or under, 20° in chil- 
dren aged one to five, 15° in children six to ten 
years old, and 10° in children eleven years old or 
more [26]. 

Shortening of bone length can be also 
compensated for in childhood fracture to 
some extent. Excessive compensation is often 
observed especially in femoral shaft fractures. 
Excessive growth of bone length occurs more 
likely in surgically treated fractures than con- 
servatively treated fractures. The average differ- 
ence of length discrepancy in conservatively 
treated femoral shaft fractures was around ten 
millimeters in the authors’ study. Shortening of 
the femur showed almost no compensation in 
most children ten years old or more. In most 
children younger than ten, excessive growth of 
bone length continued until two years after the 
injury. Bone growth two or more centimeters 
greater than the other side occuring during the 
growth period may be treated by epiphyseode- 
sis (e.g., stapling) or elongation of the leg using 
external skeletal fixation [28]. 
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Congenital Dislocation of 
the Hip Joint 

The disease formerly known as Congenital Dis- 
location of the Hip has more recently been 
described as Developmental Dislocation (or 
Dysplasia) of the Hip. It is not clear whether the 
causes of this disease are congenital, develop- 
mental or both. True congenital dislocation is 
often intractable, as it involves severe dis- 
location and is accompanied by considerable 
anomalies. In true congenital dislocation, the 
acetabulum is remarkably shallow and steep, 
and antetorsion of the femur is severe. In devel- 
opmental dislocation, environmental factors 
have more influence on the occurrence of the 
dislocation than congenital ones. The kind of 
diaper is one of the most important factors. The 
prevalence of dislocation is high in some colder 
areas. In such areas, diapers or clothes are often 
fitted down to the knee with the hip in the 
extended position to keep the children from 
the cold. In hemilateral dislocation after birth, 
the lying position has an influence on its occur- 
rence. Joint instability, which is caused by hor- 
mones around the time of birth, and contracture 
due to the position may cause dislocation. In the 
left wryneck position (i.e., the face rotates to the 
right and the neck flexes to the left), the trunk 
often takes a right lateral position. In such a 
position, the left hip joint takes an adducted 
position and tends to have adduction contrac- 
ture, and dislocation may occur in the left hip. 
The degree of the dislocation varies between 
children. Hamstring muscles have a strong 
influence on the occurrence of the dislocation. 
These muscles push the femoral head proxi- 
mally. When secondary dysplasia of the acetab- 



ulum exists besides the dislocation, sponta- 
neous rectification rarely occurs and the hip is 
still unstable even after manual reduction. After 
the occurrence of the dislocation, contracture of 
the iliopsoas muscles and varus position of the 
labrum are inhibitors against reduction. 

Posture or motion of the fetus in the uterus 
also has a strong influence on the occurrence. 
According to Vartan [1] and Tompkins [2], 
56-75% of breech delivery fetuses have 
extended knee posture in the uterus while only 
3% of cephalic delivery fetuses have such 
posture. Wilkinson [3] studied 866 cephalic 
delivery children and 123 breech delivery chil- 
dren. Fully flexed knee posture was observed 
in 83% of cephalic delivery children while it 
was only observed in 35% in breech delivery 
children. The fully flexed knee posture was 
observed only in 20% of children with hip dis- 
location. From these results, he concluded that 
disturbance of the leg-holding mechanism is an 
important factor to the dislocation. Vartan [ 1 ] 
reported that disturbance of the leg-holding 
mechanism causes extended knee posture, 
which disturbs posture change in the uterus, 
and causes breech birth. Michelson and 
Langenskiold [4] made an experimental study 
using juvenile rabbits. They fixed the knee joints 
of the rabbits and succeeded in making artificial 
dislocations or subluxation. In their experiment, 
no dislocation or subluxation occurred in the 
rabbits after hamstring myotomy. They sus- 
pected that continuous spasm of the hamstrings 
was the main cause of the dislocation. The ham- 
string is a diarthric muscle that affects the hip 
and the knee joint. Thus, when the hip joint is 
forced to flex with the knee joint extended, 
severe axial load is placed on the femur. Michele 
[5] reported that contracture or shortening of 
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the iliopsoas muscle may cause anthropologic 
dislocation. He emphasized that the iliopsoas 
muscle is the most important etiologic factor of 
congenital dislocation of the hip joint. Mckibbin 
[6] made a postmortem examination of neo- 
nates. According to his report, an extended 
position of the hip caused a tendency to hip dis- 
location in the neonates with iliopsoas contrac- 
ture. After myotomy of the iliopsoas, such a 
phenomenon declined. Yamamuro [7] made an 
experimental study and reported that hip dislo- 
cation was caused by reciprocal force of the 
hamstring and the iliopsoas. According to his 
report, when the knee is fixed in the extended 
position, the hip is extended due to the exces- 
sive tension of the hamstring. The extended hip 
position causes excessive tension of the iliop- 
soas and the tension forces the hip to be flexed 
against the tension of the hamstring. In such a 
situation, the iliopsoas acts to rotate the femur 
externally and to cause the dislocation. From 
these reports, both the hamstring and the iliop- 
soas seem to have an influence on hip disloca- 
tion. In the prenatal period, the hamstring has 
more influence than the iliopsoas, as most 
fetuses have flexed posture. After birth, the 
iliopsoas has more influence than the ham- 
string, as most neonates have extended posture. 

Treatment for Congenital 
Hip Dislocation 

The frog position (flexed, abducted, externally 
rotated) prevents the hip from dislocation in 
neonates, even if the hip is unstable and the joint 
laxity exists. Some methods exist to arrange 
such a position. The most common method is 
Pavlik harness. Taking the frog position, the dis- 
located femoral head is brought near to the 
acetabulum. The weight of the lower extremity 
reduces the tension and contracture of the 
adductor muscles, consequently the femoral 
head slips over the acetabular rim and is 
reduced into the acetabulum. This reduction 
force is given not by the motion of the lower 
extremity through the stirrup but by the weight 
of it. The authors made an above-knee Pavlik 
harness (without the stirrup) and succeeded in 



the reduction. Generally, the success rate of 
reduction is around 80% of dislocations in 
infancy. Pavlik harness is effective for mild dis- 
location. Traction, manual reposition, or open 
reduction is necessary for a dislocation that is 
irreducible in both extended and frog position. 
Such treatment is also necessary for dislocation 
accompanied by varus labrum. 

The overhead traction method diminishes 
the spasm of the surrounding muscles and cap- 
sular ligaments to enlarge the acetabular inlet, 
and expands the spasm of obstructive muscles. 
First, horizontal traction reduces contracture of 
the iliopsoas and rectus femoris and expands 
the capsular ligament inferiorly. Next, gradual 
flexion of the hip with extended knee position 
reduces the contracture of the hamstring. As the 
iliopsoas, which presses the acetabular inlet 
anteriorly, becomes loose, the inlet spreads. 
Finally, traction in the fully abducted position 
reduces contracture of the adductor muscles to 
reduce the femoral head into the acetabulum 
without pressing the head to the labrum. 

Configuration of the Hip 
Joint and Alignment of 
Lower Extremity 

The femur in congenital hip dislocations has 
more antetorsion angle and neck shaft angle 
than anatomical ones. The acetabulum in con- 
genital hip dislocations is steep and shallow. 
Because of this configuration, the hip is un- 
stable just after the reduction. The steep and 
shallow acetabulum is improved gradually. 
When the improvement is insufficient, arthrosis 
may occur after the residual subluxation. For 
residual subluxation, pelvic osteotomy and/or 
varus-derotation osteotomy is necessary. Today, 
pelvic osteotomy is preferable. Pelvic osteotomy 
brings about better containment and stability of 
the hip. However, some pelvic osteotomies that 
enlarge the ilium superoinferiorly cause hemo- 
dynamic changes of the femur and increased 
growth of the femur. As the result, functional 
dysplasia may occur in the standing position. 
Recurrence of valgus sometimes occurs after 
the varus-derotation osteotomy of the femur. 
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Atrophy of abductor muscles, residual dysplasia 
of the acetabulum, or damage of trochanteric 
apophysis is thought to be the cause of this 
recurrence of valgus. Excessive recurrent valgus 
causes recurrence of subluxation and instability 
of the hip. The degree of recurrent valgus is 
higher in younger children. Thus, a greater 
varus angle of the osteotomy is necessary for 
younger children. Pelvic osteotomy combined 
with varus-derotation osteotomy is adopted 
when simple pelvic osteotomy does not bring 
about sufficient containment. Generally, the 
combined osteotomy is necessary for the femur 
with an antetorsion angle of 60° or more. Otani 
[8] made an experimental study using three- 
dimensional elasto-optic methods to support 
such indications. The authors made a study of 
alignment after the osteotomy. ETA increased 
just after the surgery [9], however, because of 
recurrent valgus and the remodeling in the 
distal femur, ETA decreased in the postoperative 
course. The functional axis of the lower extrem- 
ity (Mikulicz Line) returned to go through the 
midpoint of the knee one year after the surgery. 

Femoral Antetorsion and Cooperated 
Factors of Torsion 

The angle of the femoral antetorsion angle is the 
angle between the mediolateral femoral condyle 
line and the axis of the femoral neck in a hori- 
zontal plane. Many measuring methods of the 
antetorsion angle have been performed [10-19]. 
The femoral antetorsion angle in the prenatal 
period has individual differences and varies 
between reports [20-22]. During the early pre- 
natal period, the femoral neck has retrotorsion. 
From the middle stage in the prenatal period, 
the femoral neck begins to have antetorsion. The 
position of the legs in the uterus and the tension 
of muscles attached to the trochanters have a 
strong influence on this phenomenon. Accord- 
ing to Michele, from the sixth to ninth month of 
intrauterine life, the lower extremities rotate 
internally and this phenomenon brings about 
the femoral antetorsion [23]. Some authors 
point out the relation between congenital hip 
dislocation and the antetorsion angle in this 
stage [20,24,25]. In this stage, contracture of the 



iliopsoas muscle can cause excessive antetorsion 
or superior displacement of the femoral head. 
The antetorsion angle is 30° or more at perina- 
tal period. The angle at one year old is around 
50° and decreases with growth [25-27]. Such 
a phenomenon seems to have a relation to 
walking with an erect posture. According to 
Lanz, the angle is 15-57° (average, 32°) in 
neonates, 20-50° (average, 34°) in one- to three- 
year-old children, 12-38° (average, 25°) in four- 
to six-year-old children, and -25-37° (average, 
12°) in adults [22]. 

The femur antetorsion angle can increase in 
patients with some diseases such as congenital 
dislocation of the hip or Perthes’ disease. The 
increased antetorsion angle may influence the 
congruency or stability of the hip joint. In resid- 
ual subluxation after the treatment for congeni- 
tal dislocation, increased antetorsion angle of the 
femoral neck is often observed. Better congru- 
ency in the abduction-inner rotation position 
aids in diagnosing the existence of the increased 
antetorsion angle. As far as the contracture of the 
iliopsoas muscle exists, the increased antetor- 
sion angle can be improved in the natural course 
after first beginning to walk [28,29]. 

Experimental Study of 
Femoral Antetorsion 

The authors made an experimental study con- 
cerning femoral antetorsion in congenital dislo- 
cation of the hip joint [30,31]. Twenty young 
mongrel dogs with experimental complete dis- 
location of the hip joint were studied. Seven or 
eight Kirschner wires were inserted vertically to 
the longitudinal axis of the femur. They were 
inserted taking care not to injure the growth 
plate, and were inserted so that each wire was 
just parallel and spaced equally. The most distal 
wire was inserted in the distal epiphysis. The 
wire second to the most distal one was inserted 
in the distal portion of the femoral metaphysis. 
Thus, the distal epiphyseal line existed between 
the two distal wires. They were cut and buried 
in the femur. Increased antetorsion was 
observed just one week after the surgery. 
Another Kirschner wire was inserted along the 
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Table 31.1. Summary of results. Location of wire in femur, time elapsed since dislocation and relative increase or decrease of antetorsion. Dark 
arrows indicate an increase of antetorsion. Light arrows indicate a decrease of antetorsion. The thicker arrows mark greater changes 
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axis of the femoral neck, and the femurs were 
examined after retrieval. From the position of 
each wire, the rotation of the femur was evalu- 
ated. The most distal wire rotated internally 
against the next wire. At this time, all wires in 
the metaphysis, diaphysis, and the wire in the 
neck were parallel each other. This phenomenon 
indicates that the distal epiphyseal line brings 
about antetorsion. When this distal rotation was 
excessive, compensative retrotorsion occurred 
between the proximal two wires (in the portion 
between the wire in the neck and the next wire) 
after the occurrence of the antetorsion. (Table 
31.1, Figures 31.1-31.6). In conclusion, the 
femoral torsion is mainly brought about by 
the distal epiphyseal line and additionally by the 
proximal portion of the femur. Adequate load 
seems necessary to get this proximal retrover- 
sion so that the antetorsion angle will be excess 
in congenital hip dislocations [30,31]. 

Slipped Capital 
Femoral Epiphysis 

Slipped capital femoral epiphysis is divided into 
three types. The acute type is a fracture in the 
proximal femoral growth plate. This type is 



generally caused by significant trauma. In the 
chronic type, the femoral head slips gradually 
because of the brittleness of the growth plate. 
The chronic type is the most common. Slip pro- 
gresses acutely during the chronic course in 
acute or chronic types. The most common slip 
direction is posteroinferior. The direction has a 
close relation to the angle of the neck shaft. 
Wilson [32] reported that 85% of posteroinfe- 
rior slip had 140° of neck-shaft angle, and 
according to Inhauser [33], the head slips 
posterolateralinferiorly when severe coxa valga, 
such as 160° of neck-shaft angle exists. In such 
coxa valga, the growth plate in the standing 
position is almost parallel to the floor. Ordinary 
anteroposterior radiographs of the hip show 
that the head slips posteromedialinferiorly 
because of the externally rotated femur. Pos- 
teroinferior slip is clear on the radiograph taken 
without rotation of the femur. Three- 
dimensional CT scan studies support this fact. 
Lateral view radiography is thus essential in 
measuring the slip angle. Imhauser’s method is 
quite useful to measure the angle [33]. The 
anatomical angle in his method is 10° or less. In 
his criteria, 30° or less is slight slip, 30-70° is 
moderate, and 70° or more is severe. 

According to Harris [34], growth hormone 
accelerates the mitosis of the proliferating layer 
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Figure 31.1. The method of experiment.The right femoral head of the 
dog was dislocated surgically and Kirschner wires were inserted paral- 
lel Into the femur. Left: Parallel wires were inserted into the femur. Right: 
One extra wire was inserted through the proximal neck and head still In 
the same plane as that of the parallel wires along the femur. 



and causes hypertrophy of the hypertrophied 
cartilage layer. Growth hormone decreases the 
yield strength of the growth plate while sex hor- 
mones increase the strength. His report suggests 
that insufficient sex hormone or excessive 




Figure 31 .2. One week after dislocation. More antetorsion existed on 
the right femur. Arrow shows dislocated femur. 




Figure 31.3. Radiograph taken one week after dislocation. All wires 
were still parallel. 



growth hormone may cause the slip. Relative 
excessive growth hormone can occur when 
secretion of the growth hormone continues 
after the growth period. 

The growth plate has three-dimensional 
unevenness, which has been confirmed by scan- 
ning electron microscopic studies. This uneven- 
ness gives the growth plate a multidirectional 
endurance against compression, strain, and 
shear stress. The yield strength of a growth 
plate depends on the degree of this three- 
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Figure 31 .4. Six weeks after dislocation. All wires but the most distal were still parallel. 




Figure 31.5. Ten weeks after dislocation. The wire inserted into the 
uppermost part of the femur rotated slightly inwards (arrow). 

dimensional unevenness [35,36]. Acute slip is a 
kind of fracture and thus complete rupture 
occurs in the growth plate, or Salter-Harris type 
II injury occurs. In chronic slip, repetition of 
stress causes gradual disruption and after that 
slip occurs when the stress exceeds the yielding 
strength. External rotation contracture occurs 
when the slip angle is 30° or more. Gait in the 
externally rotated position due to the pain and 
weight bearing accelerates the disruption. 
Morscher [37] analyzed the posterior tilting 
angle and concluded that the posterior stress 
force in the internally rotated position is the 
main cause of slip. In slipped capital femoral 
epiphysis, the motion range of the hip increases 
in external rotation and decreases in internal 
rotation. Flexion range is also limited. 




Figure 31.6. The wire inserted through the femoral neck and head 
rotated inward. This indicated decrease of antetorsion. 

Drehmann’s phenomenon is obvious in slipped 
capital femoral epiphysis; as the thigh is flexed, 
it tends to roll into external rotation and abduc- 
tion. After progress of the slip, varus deformity 
of the hip occurs and both Trendelenburg’s 
phenomenon and gait become obvious. 

The yield strength of the growth plate has 
been variously reported as it depends on the 
nature of the experiment [38]. According to 
Bright, the strength of the force which makes a 
crack in the growth plate is one-half of the yield 
strength of the growth plate. On the other hand. 
Bright and Nakada reported that there was no 
relation between these two strengths [36,39]. 
Chung reported that force within the strength of 
physiological range was enough to cause the 
epiphyseal slipping in overweight children and 
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suggested that purely mechanical factors may 
play a major role in the etiology of slipped 
capital femoral epiphysis [40]. Williams made 
an experimental study and found that the shear 
strength of the physis varies with anatomic 
location. According to this experiment, the pos- 
terior region of the tibia physis has the greatest 
strength and stiffness, lowest physeal thickness, 
and steepest inclination [38]. Kim pointed out 
that the strength depends on the existence of the 
cartilage membrane [35]. The membrane seems 
to reinforce the growth plate in cooperation 
with the three-dimensional structure of the 
growth plate. In his report, the ratio of fracture 
strain between the growth plate without and 
with the cartilage membrane was 61% (tensile 
strength) and 37% (strain strength). Chung 
made postmortem studies of hips in children to 
determine the shear strength and modes of 
failure of the capital femoral growth plates [40]. 
In this experiment, the shear strength of the 
human growth plate varied with age and was 
greatly dependent on the surrounding peri- 
chondrial complex in infancy and early child- 
hood, but less so in adolescence. When this 
complex was excised, the strength of the epi- 
physeal plate was diminished, especially in 
younger children. In acute slip, the membrane is 
disrupted while it is preserved in chronic slip. 

The velocity of stress is also an important 
factor in growth plate injury, as the growth plate 
has viscoelastic properties. Kim reported that 
Salter-Harris type I injury is caused by the 
stress of relatively slow velocity, and type II and 
III by high velocity [35]. Histological studies 
performed concurrently with the yield- strength 
test varies among authors. This may be brought 
about mainly by differences in experimental 
methods. According to Salter and Amailo, epi- 
physeolysis occurred in the hypertrophying 
layer [41,42]. Bright reported that it occurred in 
a stairway form in the hypertrophying layer and 
palisading layer [43]. According to Nakada and 
Brasher, epiphyseolysis occurred in different 
layers depending on the portion of the growth 
plate [36,43]. From a clinical point of view, 
epiphyseolysis mainly occurs in the hypertro- 
phying layer or transient portion of the meta- 
physis in slipped capital femoral epiphysis 
[34,38,44]. 
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32 Custom-made Hip Prostheses 
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and R F. Leyvraz 



Introduction 

The custom-made hip prosthesis itself is now 
integrated in a whole concept of computer- 
assisted hip arthroplasty which includes: 
computer-assisted preoperative planning, 
computer-assisted designing of custom hip 
prostheses, and computer-assisted hip surgery. 
This paper will focus on custom-made hip pros- 
theses, describing the elements which lead to the 
design and the clinical use of custom stems. It 
will present a specific philosophy, describing the 
planning, design, fabrication, and biomechani- 
cal evaluation of custom-made hip prostheses. 

The Rationale for a Custom Stem 
and a Custom Neck 

Why Custom? 

The loosening rate of conventional cemented 
stems reported in the literature ranges from 2 to 
56% [1,2,3,4,5,6,7,8]. For young patients in a 
large group of 8,406 cases collected from the 
national Swedish register, the failure rate was 
30% at eleven years [9], for patients younger 
than 55 years old. The high level of activity in 
such patients significantly increases the stresses 
applied on the component and may explain the 
higher failure rate [1,2,6,10,11]. Since Judet in 
1978 [12], cementless fixation of femoral stems 
has been proposed as an alternative to cement 
fixation. The results of uncemented stems 
reported from the Swedish register in 1998 were 
not encouraging [9], for a number of reasons, 
including for a large part the old types of design 
in cementless fixation. 



Nevertheless, cementless fixation for femoral 
stem prostheses has its own requirements which 
include proximal adaptation and avoidance of 
micromovements in order to obtain an optimal 
load transmission to the bone [13]. These prin- 
ciples are advocated in order to avoid stress 
shielding and thigh pain, the two complications 
often reported with cementless stems [14,15]. 
The specificity of young patients is not only the 
level of activity, but the wide range of proximal 
femoral anatomy [16]. This femoral anatomy 
can consist of a high canal flare index with a 
champagne-fluted femur, described by Noble 
[17], but for congenital or traumatic reasons it 
can also lead to a narrow, curved, and exces- 
sively ante or retroverted upper femur. These 
anatomical reasons lead some authors to avoid 
cementless fixation in young patients because of 
the impossibility of matching the requirements 
of proximal femoral adaptation in such cases 
[ 2 , 11 ]. 

Facing these two conflicting goals of cement- 
less fixation and adaptation to all types of prox- 
imal femoral anatomy, the logical answer was to 
obtain a custom stem for each case. 



Why a Custom Stem and 
a Custom Neck? 

For many clinicians, custom-made prostheses 
correspond to a maximal filling of the femoral 
cavity associated with a conventional prosthetic 
neck in the upper part of the prosthesis. The 
clinical experience of such design showed us 
that the extramedullary part of the stem, i.e., the 
prosthesis neck, was at least of equal importance 
in order to restore correct hip function. 
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The design of a three-dimensional custom 
neck allows correction of length, lever arm, and 
anteversion. The clinical consequence of such 
design is the restoration of leg length, abductor 
function, and proper lower limb rotation. 
The appropriate anteversion of the neck may 
also contribute to reduce dislocation rate. The 
mechanical consequence of such neck design is 
also to optimize load transmission to the bone 
stem interface and finite element analyses have 
shown the influence of the extramedullary pa- 
rameters on the stem stability and stress trans- 
fer [18]. 

If the intramedullary stem design is based 
upon the reconstruction of the proximal 
femoral anatomy, the design itself does not 
match the whole internal femoral anatomy. The 
priority areas of contact are proximal to obtain 
stability in rotation, and the distal diameter of 
the stem is reduced to avoid any cortical 
impingement distally - apossible source of 
thigh pain with maximal canal filling stems. It is 
thus of high importance to preserve all the can- 
cellous bone around the whole stem from prox- 
imal to distal by the use of a smooth compactor 
of identical shape to the final prosthesis. 

This whole concept, addressed by Aubaniac 
and Essinger in 1987, led to the development of 
software for cancellous bone density evaluation 
and three-dimensional custom neck design, 
which is the rationale of the Symbios® custom 
concept (Symbios Inc., Yverdon, Switzerland). 
The concept and the first results were published 
for the first time in 1992 [19], and the use of this 
technology for solving the problems faced in 
osteoarthritis following high congenital dislo- 
cation of the hip was presented at the American 
Academy of Orthopedic Surgeons in 1993 [20]. 
The preoperative radiologic data requires both 
X-rays and CT-scan and the preoperative plan- 
ning relocates the new center of rotation and 
accordingly the new position of the greater 
trochanter in both craniopodal and medio- 
lateral planes [21]. 



The Design and Fabrication of 
Custom-made Hip Stem 
Prostheses 

Preoperative Data 

X-ray Data 

The radiographic analysis is based on several X- 
ray views. A full view of the two limbs using 
scanography is needed to assess the global 
pelvis and limb anatomical status, and to 
evaluate the extent of disturbance of the pelvic 
balance by assessing bilaterally the position of 
the hip rotation centers (in the vertical axis). A 
frontal pelvis view is used to determine the 
extent of lever arms between the rotation 
centers and the corresponding femoral axes. 
Discrepancies are recorded and will be used 
later in the preoperative planning to correct 
the anatomy of the diseased joint such that 
full restoration of the pelvic balance can be 
achieved. Eventually, frontal and lateral X-ray 
views of the diseased joint are necessary to 
complete the X-ray data set (Figure 32.1). 

CT Data 

Data obtained from a computerized tomogra- 
phy scanner are necessary both for the design of 
the intramedullary femoral stem and for the 
planning of the extramedullary part of the joint 
reconstruction. Except in special cases, the CT 
data acquisition must follow an established pro- 
tocol elaborated by Symbios. However, in special 
cases such as, for instance, very severe con- 
genital dislocations, the radiologist may have to 
select a modified protocol based on the X-ray 
status. 

The intramedullary femoral anatomy is 
assessed by CT views taken every 5 mm from 
the acetabular summit down to the bottom of 
the lesser trochanter, then every 10 mm until the 
femoral isthmus. The extramedullary planning 
requires CT views taken at three different levels: 
1) at the base of the femoral neck (assessment 
of helitorsion axis), 2) at the knee level, across 
the femoral condyles (assessment of posterior 
bicondylar axis), 3) at the foot level, by the 




Figure 32.1. Typical set of preoperative X-ray data including scanography, frontal pelvic, and hip frontal and lateral views. 
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Figure 32.2. CT views required for the extramedullary planning. 1) above the lesser trochanter, 2) knee, 3) foot. 



second metatarsus axis (assessment of foot axis) 
(Figure 32.2). 

Preoperative Planning 

Acetabular Cup 

If the contralateral hip is healthy, planning 
the rotation center of the replaced joint and the 
socket size is performed by reproducing the 
contralateral geometry on the X-ray frontal 
pelvis view (Figure 32.3). In the presence of a 
bilateral lesion and in most high dislocation 
cases, the position of the rotation center and the 
size of the acetabular socket are decided 
together with the surgeon. In certain cases, the 



size is determined using the CT view passing 
through the center of the true acetabulum 
(which allows furthermore assessment of bone 
stock) (Figure 32.4), then by reporting the result 
on the X-ray pelvic view. 

New Position of the Femur 

The future position of the femur (as deter- 
mined, for instance, by the location of the 
greater trochanter) is determined on the frontal 
view based on the position of the acetabular 
socket, on the desired lengthening as deter- 
mined from the scanogram, and on the neck 
lever arm (Figure 32.3). This position will deter- 






Figure 32.3. Preoperative planning on the X-ray frontal view with (a) 
anatomical landmark registration (in red), planning of the acetabular 
socket, and positioning of the greater trochanter. 



mine the level of the femoral cut and assess the 
correct neck lever arm on the frontal view. 
However, osteotomy of the greater trochanter 
may be necessary in cases where extensive 



lengthening is required, associated to a wrong 



anteroposterior position of the greater tro- Figure 32.5. Normal gait anatomy. 



chanter due to excessive anteversion. 



Neck Anteversion 

The anteversion angle of the prosthesis neck 
must be set such that normal gait anatomy can 
be restored. The normal gait anatomy requires 
three conditions: 1) foot axis showing 10-20° of 
external rotation, 2) posterior bicondylar axis 
perpendicular to the gait direction, 3) antever- 
sion of the femoral neck between 15° and 20° 
with respect to the bicondylar axis (Figure 32.5). 
It has been shown that in most cases of con- 
genital dysmorphism, the upper femur axis, also 
called helitorsion axis and defined as the axis 
passing across the longer diameter at the level 



of osteotomy, is not aligned with the neck axis 
[22]. This phenomenon is usually not taken into 
account in standard prostheses. This results 
most frequently in such cases in an over- or 
under-correction of the prosthetic anteversion 
angle, thus preventing the full restoration of the 
normal gait. By superimposing the three CT 
views of the osteotomy level (usually above the 
lesser trochanter), and of the knee and foot 
levels, it is possible to calculate the correc- 
tion angle to add (or subtract) to the helitorsion 
angle such that a final prosthetic anteversion 
angle of 15-20° is achieved. An example of such 
a correction is given in Figure 32.6a, whereas 
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FA=103° 





Figure 32.6. a Restoration of normal gait anatomy based on the cor- 
rection of the helitorsion angle, b same case without this correction. 



Figure 32.6b shows the same case without the 
correction for helitorsion. 

Design of the Intramedullary Section 

Contouring 

Upon reception, raw CT data is processed by 
numerical thresholding such that non-bony 
structures are excluded from the images. Fol- 
lowing this “image filtering” step, the design 
engineer runs an image analysis program to 
select both the internal and external contours of 
the bone section on each femoral CT slice 
(Figure 32.7, plate section). This contouring 
process is normally performed fully automati- 
cally, except in the area of the femoral neck and 
in cases of important artifacts on CT images for 
which manual intervention is needed. 

Matching CT and X-ray Data 

Anatomical landmarks on the diseased joint 
must be first registered. These landmarks will be 
used later for the definition of the osteotomy. The 
summits of the greater and lesser trochanters 




Figure 32.8. Matching of CT and X-ray data in the frontal plane. 



(GT andLT),thedigitalgap (DG),and the femoral 
head summit (HS) are localized and indicated on 
the X-ray frontal view (Figure 32.3). 

The next step in the design process consists of 
superimposing the CT and X-ray data on the 
same image file. For this, frontal and lateral 
radiographic views of the diseased hip are first 
digitalized using an X-ray-compatible image 
scanner. The contouring data obtained during 
the previous step is numerically added to the digi- 
talized X-ray views. A manual fitting of the two 
types of image is then performed independently 
on the frontal and lateral view (Figure 32.8). 
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Definition of Osteotomy Geometry 

Once merging of CT and X-ray data is com- 
pleted, osteotomy directions are calculated and 
added to the image file. The level of the 
osteotomy is defined such that neck length, opti- 
mized stability in rotation, and optimized bone 
stock preservation are taken into account. 

Generation of the Initial Stem and Extraction 

Based on the internal contouring data, the 
design software uses numerical interpolation 
procedures to generate a first stem shape limited 
to the intramedullary zone. However, the very 
precise reproduction of the femoral internal 
contour on this first draft makes it most often 
useless without modifications, as local protru- 
sions and depressions at the bone surface would 
prevent any movement of the stem within the 
femur (Figure 32.9a). It is therefore necessary to 
simulate numerically the extraction of the stem 
from the femur. This is done by successive itera- 
tion steps during which the stem is extracted 
incrementally by rotations and translations in 
the three main orthogonal axes. During each 
iterative step, incremental stem shape modifica- 
tions are performed by the software in order to 
allow the extraction while maintaining the 
contact zones necessary for an optimized 
mechanical support of the stem in the femur. 
Optimized support is sought in medial, lateral, 
and anterior metaphyseal areas. At the end of 
the simulation, a new, modified version of the 
stem is obtained that can be implanted into the 
femur with a very restricted degree of freedom 
for the insertion path (Figure 32.9b). 

Final Corrections 

At the end of the extraction process, numerical 
integration of the new stem shape in the CT data 
is performed. It enables the design engineer 
to view each CT section together with the 
corresponding stem section (“composite” view. 
Figure 32.10, plate section). By switching to the 
editor mode of the software, the engineer can 
also perform a final design “tune up”, during 
which he can still implement slight modifica- 
tions on each stem section to further optimize 
bone-prosthesis adjustment. 





Figure 32.9. a Generation of initial stem with protrusions preventing 
insertion, b modified stem after the extraction process. 



Stem Validation 

The final step in the design of the 
intramedullary part of the femoral stem con- 
sists of simulating a subsidence of the stem in 
the femoral canal in order to be sure that the 
stem is at worst in contact with the cortical bone 
in this shifted position. A numerical three-point 
bending simulation test is then performed 
to validate the mechanical resistance of the 
stem. 
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Design of the Extramedullary Section 

The design of the extramedullary part of the 
stem is performed as well in the frontal and 
lateral as in the sagittal plane. The determina- 
tion of the anteversion angle of the prosthesis 
neck, taking into account the correction for heli- 
torsion, was explained earlier (see Figure 32.6). 
With the intramedullary stem integrated in the 
X-ray frontal view, the design engineer calcu- 
lates the optimized combination of CCD angle, 
neck length, and head offset such that the 
planned rotation center and lever arm are 
respected (Figure 32.11). 

Planning and Prosthesis Validation 

The preoperative planning of a custom-made 
prosthesis is performed by the surgeon and the 
design engineer together at Symbios. Following 
the planning, the design of the stem is done 
entirely by the design engineer. Therefore, the 
final design must be validated by the surgeon 
before the fabrication of the prosthesis can 
be launched. For this, Symbios provides the 
surgeon with a patient file including the CT 
composite view (Figure 32.10), the normal gait 
restoration scheme (Figure 32.6a), and the X-ray 
frontal (with osteotomy parameters. Figure 

32.11) and lateral view with the designed stem. 

Fabrication 

Stem Machining 

Upon validation of the stem design and preop- 
erative planning by the surgeon, the fabrication 
of the prosthesis can proceed. For this, the stem 
CAD data is transferred into a CAM software 
that pilots a five-axis milling machine. In 
parallel, a compactor with a smooth surface is 
machined with the same design as the stem 
itself. It is used for compaction of the cancellous 
bone before the stem itself is introduced (Figure 

32.12) . 

Materials and Coatings 

Wrought Ti 6 Al 4 V titanium alloy is used most of 
the time for the fabrication of the stem. In very 
few cases, stainless steel stems are produced 




Figure 32.1 1 . Composite X-ray frontal view with integration of intra- 
and extramedullary stem sections. 



upon request of the surgeon. The rasp itself is 
made out of wrought stainless steel. After 
machining, the prosthesis stem undergoes a 
surface plasma spray coating procedure which 
can vary from one stem to the other, depending 
again on the surgeon’s request. In most cases a 
first layer of -300 jum of porous titanium 
followed by a -80 jiim layer of porous hydroya- 
patite (HA) are coated on the intramedullary 
section of the stem, from the osteotomy level 
down to the distal level at which the transition 
from an elliptic to a circular section takes 
place. 

Sterilization and Packaging 

The final steps in the production of the pros- 
thesis are the gamma sterilization and the final 
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Figure 32.12. Example of porous-coated, custom-made prosthesis 
together with the corresponding "rasp" for compaction of cancellous 
bone and implant preparation. 



packaging procedure which is performed in 
clean room conditions. 

All in all, the surgeon planning a custom- 
made hip stem prosthesis can expect a duration 
of five weeks between the delivery of patient’s X- 
ray and CT data and the delivery of the pros- 
thesis and ancillaries to the surgeon. 

The Biomechanical Evaluation of 
Custom Hip Prostheses by 
Numerical Modeling 

The Biomechanical Model 

Due to the development of data processing, 
numerical methods have become an essential 
complement to traditional experimental meth- 
ods of analysis of the movements of defor- 
mable solids. They are particularly powerful 
when: 



geometrical shapes of deforming bodies are 
complex, 

deformations are large, 

the constitutive materials exhibit non-linear 
behavior, and 

applied loads are dynamic. 

These methods are well adapted to the solution 
of biomechanical problems - in particular those 
raised by articulating hip prostheses - since the 
deformable solids (bone structure and implant) 
have complex geometries, the mechanical 
behavior of the bone-implant interface is highly 
non-linear, and the loads which are applied are 
dynamic. 

Numerical modeling thus makes it possible 
to represent geometrically a bone-prosthesis 
configuration and to apply the mechanical laws 
which govern its behavior as a deformable solid 
subjected to a set of forces. Its principal tool is 
a data-processing software using the finite 
element method. 

Modeling by numerical methods requires a 
precise description: 

of the prosthesis (3D geometry, mechanical 
properties of the bone-prosthesis interface), 

of the bone structure (3D geometry, dis- 
tribution of the bone densities, mechanical 
properties, constitutive laws), 

of the loading conditions of the system (articu- 
lar contact forces, muscular forces). 

This description and the use of the finite 
element method allows the determination of 
biomechanical variables such as the stress dis- 
tribution within the bulk of solid bodies, the 
stress and micromotion distribution at the 
bone-prosthesis interface, and the temporal 
evolution of bone structure. 

In the design process of a custom hip pros- 
thesis, this approach can be used to validate the 
stem geometry as well as the neck parameters 
(CCD angle, anteversion and offset). 

The Modeling 

The use of a biomechanical model and the 
numerical methods included makes possible the 
model of the following structures. 
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Figure 32.13. Definition of the constitutive law as the relation between stress and strain. 



Bone Structure 

This structure is complex. The material is pri- 
marily elastic but presents also plastic, non- 
homogeneous, and anisotropic behaviors. To 
model it, one takes into account the following 
parameters: 

The stress (S) exerted on each finite element; 
this has the form of a force per unit of area 
(similar to a pressure) and is expressed in 
Pascals (Pa). 

The strain (E), which represents the increase 
in length of a solid element, normalized to its 
initial length. For a given element, the relation 
between stress and strain is characterized by its 
Young’s modulus (Figure 32.13). Bone is an 
inhomogeneous structure, however, which does 
not have the same density everywhere. In order 
to integrate the effect of inhomogeneity in the 
model, an apparent density (p) for each node of 
the grid is determined (Figure 32.14). 

The structure of the bone, moreover, is not 
isotropic: it becomes less deformed when a force 
is exerted in the longitudinal direction, than for 
the same force applied in the transverse direc- 
tion. This difference may reach a factor of 2 



(Figure 32.15). It is therefore necessary to intro- 
duce di privileged direction of anisotropy (v) into 
the model, which amounts to defining a tensor 
of structure (M). 

The constitutive law describing the 
stress-strain relationships within the bone 
depends thus on the Young’s modulus, the 
apparent density p, the tensor of structure M, 
and the tensor of deformation (Figure 32.16). 

Loading Conditions 

The definition of the prosthesis and bone 
geometries, associated to the constitutive laws, 
are not sufficient to evaluate the biomechanical 
behavior of a bone-prosthesis configuration. It 
is still necessary to introduce the loading con- 
ditions induced by the action of muscles, which 
may vary from one patient to another, in 
particular according to their weight. 

The Simulations 

The biomechanical model enables simulation of 
the following clinical situations. 






Figure 32.15. Difference in stiffness due to bone anisotropy. 
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Figure 32.16. Parameters of the constitutive law. v: privileged direction of anisotropy, M: structural tensor, p: bone density. 



Primary Stability of the Femoral Stem 

In the design process of a custom stem, the 
search for a geometry likely to optimize primary 
stability is of primary importance: good 
primary stability ensures a durable secondary 
fixation. The quality of primary stability 
depends on the stresses and micromotions 
which are exerted at the bone-prosthesis 
interface. We distinguish between: 

the micro-slipping (dt) and the shear stress (pt), 
whose directions are parallel with the interface, 

the micro-debonding (d„) and the compressive 
stress (pn), whose directions are perpendicular 
to the interface (Figure 32.17). 

Bone Remodeling 

The evaluation of primary stability allows for 
the establishment of certain criteria of implant 
performance. However, bone is a living tissue 



which evolves and remodels itself in the course 
of time: it changes, in particular, under the effect 
of the stresses to which it is subjected. To 
supplement the biomechanical evaluation of the 
bone-implant system it is thus necessary to 
introduce into the model a function describing 
bone adaptation (or bone remodeling). The 
physical activity of a patient, just as the modifi- 
cation of the bone configuration accompanying 
an arthroplasty, leads to changes in local bone 
structure. This change induces alterations in the 
stress distribution (compression and shearing), 
which results in a mechanical stimulus able to 
modify the bone density (Figure 32.18). 

The law of bone remodeling is illustrated in 
Figure 32.20 (plate section). Below a threshold 
value of the stimulus, there is reduction of bone 
density, therefore resorption. On the other hand, 
as soon as the stimulus exceeds a limit value, 
there is an augmentation of bone density. Inside 
the interval defined by these two values, there is 
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no modification of density: this interval 
delimits the zone of balance. The model of bone 
remodeling thus requires: 

measurement of the initial density using a CT 
scanner, and 




Figure 32.17. Biomechanical variables at the interface, dt: micro- 
slipping, pt; shear stress, dn! micro-debonding, Pn! compressive stress. 



establishment of the relation between bone 
density and mechanical stimulus before it is 
possible to calculate the final bone density at 
equilibrium. 

Practical Applications 

The biomechanical model offers a wide field of 
application. An example is presented here, 
which is the measure of the influence of the 
extramedullar parameters on the primary 
stability of a custom hip prosthesis. 

Material and Methods 

The studied prosthetic stem is a non- 
cemented, custom stem (Symbios Inc., Yverdon, 
Switzerland), with an optimal filling of the prox- 
imal metaphysis. It is constructed of titanium 
alloy with a double coating of porous titanium 
and hydroxyapatite on the proximal 2/3 of the 
stem. 




Figure 32.18. Bone remodeling loop. 
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dp/dt 




Figure 32.19. Bone remodeling law.Stimulus higherthan equilibrium 
leads to densification, stimulus lower than equilibrium leads to 
resorption. 



Seven configurations of prosthetic neck were 
investigated: 

an anatomical configuration with a normal and 
ideal center of rotation of the hip, 

an “anteverted” configuration with an antever- 
sion of the neck higher by 15° than the 
anatomical configuration, 
a “retroverted” configuration with a retr- 
oversion of the neck lower by 15° than the 
anatomical configuration, 

a “lateralized” configuration with a length of 
neck greater by 10 mm than the anatomical 
configuration, which leads to a lateralized con- 
figuration of 7 mm, and lengthened, 

a “medialized” configuration with a length of 
neck smaller by 10 mm than the anatomical 
configuration, which leads to a medialized con- 
figuration of 7 mm, and shortened, 

a configuration in varus with a CCD angle smaller 
by 15° than the anatomical configuration, 

a configuration in valgus with a CCD angle 
greater by 15° than the anatomical configuration. 



computed values for each of the seven configu- 
rations are the micromotion and stress at the 
bone-prosthesis interface after implantation, 
during the immediate postoperative time. 

Results 

The results show that the distribution of micro- 
debonding on the bone-prosthesis interface 
varies by a small amount with the extramedullar 
parameters (Figure 32.20, plate section). For 
the seven configurations, interfacial micro - 
debonding is negligible (blue area) over almost 
all of the interface. It exceeds 20 ^m at the tip of 
the stem and in the proximal lateral zone. On the 
other hand, the maximum value of micro- 
debonding varies according to the various para- 
meters: it is weakest (28 ^m) for fixation in an 
anatomical position and reaches a peak of 
35 jum whenever the implant is either anteverted 
too much, or lengthened and lateralized. 

The distribution of micro-slipping does not 
vary significantly with the extramedullar para- 
meters (Figure 32.21, plate section). Interfacial 
micro-slipping is higher than 20 ^m over all of 
the interface. Its value exceeds 60 jLim at the tip 
of the stem and in the proximal medial area 
(calcar region). The area of the interface where 
micro -slipping exceeds 60 ^m is of more signif- 
icant size for the prosthesis whose neck is 
lengthened and lateralized. Just as for micro- 
debonding, the peak of micro-slipping is 
weakest (68 ^m) for an anatomical configura- 
tion and is maximum (87 jum) for a configura- 
tion either lengthened and lateralized, or 
anteverted. The stress distribution (compressive 
and shear) at the interface also varies by a small 
amount with the extramedullar parameters. The 
highest compressive and shear stress distribu- 
tion appears in the distal region and in the prox- 
imal medial and lateral regions. However, as 
for the micromotions, the peaks of stress vary 
according to the extramedullar parameters; they 
are minimal for the anatomical configuration 
and maximum in the case of a lengthened and 
lateralized neck or anteverted neck. 



The conditions of load correspond to those of 
monopodal support of a gait cycle, including the 
principal muscular forces (gluteus maximus, 
gluteus medius, psoas) applied to the femur. The 



Conclusion 

The extramedullar part of a cementless, custom 
prosthetic stem influences significantly the bio- 
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mechanical quality of the fixation of the femoral 
component. Results therefore indicate that the 
best initial stability of the stem is obtained when 
the center of rotation of the hip is replaced in its 
anatomical position. This requirement is essen- 
tial when the neck parameters of the custom hip 
prosthesis are defined. 

We thank Dr. T. Quinn for review of the 
manuscript. 

The Clinical Experience 

Surgical Consideration 

The extramedullary custom neck has been able to 
solve many of the surgical difficulties faced in 
excessively anteverted upper femurs, often found 
in dysmorphic or dysplasic hips. We found by CT- 
scan measurements extremes values, up to 85° in 
some etiologies [23]. In those cases the retrover- 
sion included in the custom neck offset was able 
to restore an appropriate anteversion of 15-20° 
on the knee condylar plane [24]. Some authors 
have described in such cases the association of a 
derotational osteotomy to a conventional stem 
[14], but the restriction in postoperative weight 
bearing and the incidence of nonunion of the 
osteotomy may increase the morbidity of the pro- 
cedure. Another solution would be the use of a 
modular neck but in cases of large anteversion 
the possibilities of correction are limited by the 
risk of fretting. 

The intramedullary custom stem aims for a 
preservation of the dense cancellous bone com- 
pacted towards the inner cortical femur by the 
use of the smooth compactor. This compactor of 
identical intra and extramedullary shape to the 
final prosthesis is used as a trial prosthesis 
during surgery. The preservation of this cancel- 
lous bone is of high importance for secondary 
biological fixation to the hydroxyapatite (HA) 
covering the final prosthesis. Clinical and 
radiologic experience led us to move from a 
proximal HA to a full HA coating [25]. 

Clinical Indications 

When conditions of normal hip anatomy cannot 
be restored with a standard neck and a standard 



stem encountered in dysmorphic and dysplasic 
hips (Figure 32.22). 

When full and quick recovery of function is 
required and when high and long-term solicita- 
tions of the implant will occur; this is expected 
in young age patients (Figure 32.23). The sig- 
nificant change in the results reported in the 
Swedish register seems to be located around 65 
years old, with a high failure rate of conven- 
tional implants under that age [9]. The in- 
creasing lifetime expectancy will overload this 
tendency in the future, with at least a twenty- 
year lifetime expectancy for a 65-year-old 
patient [26]. 

Clinical Results 

The clinical implantation of this Symbios 
custom concept (Symbios, Yverdon, 
Switzerland) started in our department in 
January, 1990. Between January, 1990 and 
January, 2000, 1,156 cementless, custom stems 
have been implanted. 

Focusing only on patients of 65 years old or 
less, and excluding revision of another prosthe- 
sis, the series consists of 726 hips. The mean age 
of the patients was 52 years (range 17-65 years) 
and the mean weight 72 kg (range 49-147 kg). 
The etiologies included: osteoarthritis in 273 
cases (38%), avascular necrosis in 101 cases 
(14%), congenital dislocation of the hip in 200 
(18%), and dysmorphy in 152 hips (20%). After 
a 1 to 10 year follow-up, eight patients were 
dead, 28 lost (3.8%), and 11 excluded for less 
than one year follow-up, leaving 680 hips to 
study at an average of 5.6 years of follow-up. The 
clinical Harris hip score averaged 99 points 
(range 84-100) for the 387 enthusiastic patients 
and averaged 95 points (range 83-100) for the 
279 satisfied patients. At the time of follow-up, 
98% of the patients ranked their result as excel- 
lent or good, eight patients (1.2%) found no 
change, with a mean objective Harris score of 
12%, and six patients were disappointed (0.8%) 
with a mean Harris score of 80 points. 

Seven hips were revised for sepsis (1%) and 
eleven for aseptic failure (1.6%). These revisions 
for aseptic failure consisted of nine loosening, 
one fracture, and one persistent pain. Nine of 
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Figure 32.23. Postoperative view of 45-year-old patient with post-traumatic degeneration of the hip joint and the intramedullary adaptation of 
the stem both on the A/P and M/L view at nine years of follow-up. 



these eleven aseptic failures occurred with the 
proximal HA coating used originally. 

Considering stem revision for aseptic failure, 
as an end point, the Kaplan-Meier survivorship 
analysis showed a 96.7% survival at 10 years, 
with a 95% confidence interval (Figure 32.24). 
The dislocation rate for all etiologies was 1.7% 
(12 cases) and considering only patients with 
primary osteoarthritis 0.04% (3 cases). 

Discussion 

These clinical results at 10 years are encourag- 
ing, and are at least similar or better to the 
results previously reported with conventional 
cemented implants in young age groups using 
modern cementing techniques [3,7,11,27,28,29, 
30,31,32,33], or with standard cementless pros- 
theses [14,15]. The goals fixed in 1990 seem to 
have been reached in 2000 with an increased 
stem longevity for patients under 65 years old. 



a reduced dislocation rate regarding the 
0.6-15% reported in the literature [34], and a 
return to full social and sport activities. 

Survival 

1.0 T 
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0 12 24 36 48 60 72 84 96 108 120 132 

Months 

Figure 32.24. The survival curve of the custom stem hip prosthesis, 
with revision for aseptic failure as an end point. 
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The remaining problems for the current use 
of custom stems are: higher price, delay for con- 
ception, and surgeon adaptation. The price dif- 
ference regarding conventional implant moved 
from a factor to five to a factor to two during the 
ten last years and this process must continue 
in the coming years. The five-weeks delay for 
stem fabrication may be significantly reduced 
to three weeks in the near future with the 
regular use of teleradiology. Finally, the ortho- 
pedic surgeon, accustomed to having a large 
number of different-sized prostheses in the 
operating room, has only to deal with one com- 
pactor and one final prosthesis with the custom 
concept. This requires a learning curve, quickly 
achieved by the full, computerized, preoperative 
planning helpful during surgery, and once this 
adaptation is achieved this custom concept may 
be able to solve a number of surgical difficulties 
previously encountered with conventional 
implants. 

Conclusion 

Both the biomechanical evaluation and the clini- 
cal experience of this intra and extramedullary 
custom concept are promising, after ten years of 
clinical use. Another decade will be necessary to 
evaluate clinically and radiographically the 
prostheses after 20 years of implantation in 
young patients. Further research in the bio- 
mechanical field, including the expected bone 
remodeling around the stems by finite element 
analysis and the evaluation of the patient hip 
function after total hip arthroplasty using gait 
analysis or accelerometry during everyday activ- 
ities, will also be necessary. 

Computer-assisted hip arthroplasty is cer- 
tainly a step forward in the future for restoring 
function and improving implant longevity for 
patients with high activity and/or modified 
anatomy. 
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33 The Mega-hip Prosthesis Surrounded by Allografts 

B. Ripoll and D. G. Poitout 



Reconstructive metal mega-hip prostheses are 
commonly used, but they might be responsible 
for mechanical failure or instability due to 
muscle non-fixation. One of the actual problems 
concerning articular allografting is the bio- 
mechanical behavior of the ligaments and the 
revascularization of the cartilage. We do not yet 
know the latest results concerning osteochon- 
dral allograft integration and cartilage evolu- 
tion, especially at the hip side. Autologous 
grafts, unlike allogenic grafts, have an important 
osteogenic potential. But, inasmuch as the 
procurement volume is limited, they do not 
permit massive bone or joint reconstruction 
when there has been partial or total resection 
as a result of either a bone tumor or a post- 
traumatic lack of substance. For these reasons, 
we have elected since 1981 to use deep-frozen 
allogenic grafts to rebuild the skeleton. We have 
used fresh allogenic bone grafts since 1979 and, 
since 1981, deep-frozen, allogenic grafts to 
rebuild the skeleton: 

1979-2002: 5,829 cases (spongious and massive 
allografts) 

1981-2002: 435 massive bone allografts 
1983-2002: 423 hip reconstructions 

1978-2000: 356 reconstructions of the upper 
part of the femur 

1978-2000: 185 massive osteochondral allografts 

Deep-freezing alone allows the preservation of 
voluminous bone pieces in satisfactory condi- 
tions of preservation. This type of preserva- 
tion keeps the bone architecture in an optimal 
biological and biomechanical state. Allografts 
allowing vascular recolonization and rapid 
muscle tightening seem to give good functional 
results, which is why we think that, in some 



indications, it is better to use a mega prosthesis 
surrounded by allograft. 

Allograft Biology 

Immunology 

Allografts are well incorporated by the 
skeleton. If osteoid or blood cells (mostly leuko- 
cytes) as well as blood vessels and nerves have 
an inner antigenic potency, leading to immuno- 
reaction, the proteinic matrix and the minerals 
fixed on it become either non-antigenic or less 
antigenic. Clinically speaking, these reactions 
are almost nonexistent with the use of massive 
allografts. 

Biological Integration 

Spongious Allografts 

Spongious allografts are evaluated in two suc- 
cessive phases. For about three weeks after the 
grafting, an osteogenic phase induced by the 
grafted cells may be observed. This is followed 
by a halt of several months (6-8) and a return 
of osteogenesis under the dependence, after 
this time, of the guest cells. Spongious allografts 
are different from cortical grafts, principally 
through the fact that the mechanism of their 
revascularization is effectuated by “creeping 
substitution” and that the integration of this 
graft will be complete. The time will be much 
shorter (about three weeks) for the vessels to 
penetrate into a spongious graft than to recolo- 
nize a cortical graft. The complete revascular- 
ization requires about two months. 
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Cortical Allograft 

The rehabilitation of cortical allografts begins 
with a first phase of active resorption, which 
is quite normal during the first two weeks, 
intense for the following four weeks, and it is 
only about the ninth week that the osteoblasts 
will appear, inducing the beginning of regen- 
eration. During this period the biomechanical 
behavior of the graft decreases (50% less at 
the 108th month) so the stem has to be strong 
enough and well fixed into the receiver bone to 
support the body weight. When we compare in 
the cat the evolution of massive autologous and 
osteochondral allografts, we see that these the 
processes are quite similar but the duration of 
the revascularization process is different. The 
two types of grafting are revascularized and the 
dead bone replaced by new bone through creep- 
ing apposition. The intensity of the reconstruc- 
tion is more important between the sixth and 
the ninth months in the case of allografts, and 
between the third and the sixth months for 
autografts. 

Computerized, Custon-made 
Mega Hip Prostheses 

Shape 

To rebuild the upper part of the femur destroyed 
by a tumor of after numerous operations we 
have had to study first the inner shape of the 
femur. The prosthesis has to have the same 
anatomical shape as the medullar bone. The 
form which has been given by CAO is an italic 
S with a long inferior curve. It is important to 
rebuild exactly the inside anatomical aspect of 
the bone for the prosthesis to be directly in 
contact with the cortical bone. If using a straight 
stem, good contact everywhere can not be made, 
and stress shielding will be present in some 
areas of the bone. Also, massive allografts can 
not be used because the stem can not be intro- 
duced into in it. 



Fixation 

The mega prosthesis has to be introduced in a 
massive diaphyseal allograft without risks of 
breakage. It can be used with or without cement, 
but we think that the best utilization is with 
cement in the upper part next to the allograft 
and also with cement in the lower part of the 
stem which is fixed into the receiver bone. The 
muscles surrounding the allograft will fix them- 
selves directly to it. Some special fixation can 
also be used for the trochanteric muscles. 

Clinical Applications 

In reconstructive surgery, for the first time we 
can increase the bone by using a prosthesis sur- 
rounded by allograft. In bone tumors when 
muscles and ligaments have to be removed, as in 
some traumatological cases, the use of massive 
osteocartilaginous allografts is not indicated 
because of the poor vascular surrounding of the 
graft and problems linked to articular instabil- 
ity. We consider the best solution in these cases 
is to use massive metallic articular prostheses 
surrounded by one allograft. 

Prosthesis brings immediate stability and 
allows the patient to walk after a few days, while 
the graft will permit the remaining muscles to 
fix themselves to it. This solution is the one to 
choose where is reconstruction of the upper 
part of the femur. 

Conclusion 

The use of a mega hip prosthesis surrounded 
by allograft has a many advantages. It allows 
muscular or ligamentary fixation and better 
biomechanical behavior, decreasing the risks of 
articular instability. There is no risk of articular 
necrosis andearly loading can be permitted. 
In particular, the volume of skeletal bone is 
increased instead of decreasing - a very impor- 
tant point. 





Biomechanics of Osteosynthesis by Screwed Plates 

E. Gautier and R. R Jacob 



Introduction 

Internal fixation of fractures using plates was 
developed more than a hundred years ago fol- 
lowing the widespread use of radiographs. 
Hansmann reported the technique of plating 
lower limb shaft fractures as early as 1886 and 
presented a plate design allowing subcutaneous 
insertion of the plate and percutaneous inser- 
tion of the plate screws [1]. Lambotte, Lane, and 
Sherman experimented in the first decades of 
the twentieth century with new implant materi- 
als and improved the plate and screw designs to 
decrease the risk of corrosion and mechanical 
failure of the implants [2-4]. Danis, Bagby, and 
Muller introduced the concept of compression 
plating to improve the stability of fixation and 
to protect the implant from mechanical over- 
load [5-7]. 

Since then, conventional plating techniques 
and plate designs have evolved constantly. This 
evolution is based on an improved understand- 
ing of the biology of fracture healing, of the 
biomechanics of fracture fixation, and on 
experience analyzing previous failures - such as 
fatigue failure of the implants, deep infection, 
and delayed union or non-union. It has involved 
the implants, the technique of its application, 
and the surgical technique with bone and soft 
tissue care or reconstruction [8-32]. 



Biological Aspects of 
Plate Fixation 

Blood Supply of Cortical Bone 

The three primary components of the afferent 
vascular system to bone tissue are the principal 
nutrient artery, the metaphyseal arteries, and 
the periosteal arterioles. The nutrient and 
metaphyseal arteries together compose the 
medullary arterial system, which is the major 
afferent supply nourishing about the inner two 
thirds of the bone cortex. The periosteal vessels 
enter the cortex mainly at sites of fascial and 
muscle attachment and appear to supply the 
outer third of the bone diaphysis [33-38]. Cor- 
tical circulation usually flows in a centrifugal 
direction. In the diaphysis, the inner cortical 
layers are drained through venous channels, the 
periosteal layers directly by periosteal capillar- 
ies. In case of damage to the medullary system 
following trauma or operation a compensatory 
flow reversal occurs to some extent [33,38-42]. 

Vascular Disturbance Due to Trauma, 
Surgery, and Implant 

As a result of bone fragmentation and displace- 
ment of fragments, periosteal, intracortical, and 
endosteal vessels are ruptured [13,35-37,41,43]. 
At each fracture line all intracortical vessels are 
disrupted due to the direct damaging of its sur- 
rounding osteons. Major displacement of the 
fracture fragments may disrupt larger vessels 
like the nutrient artery, the central artery, or its 
intramedullary branches. This disruption of the 
medullary blood supply in turn leads to avascu- 
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larity and devitalization of a large amount of the 
bone cortex. The stripping of the periosteum 
with its vascular network during injury is of 
particular importance, because disruption of 
the periosteum may be severe or total between 
fragments, leaving smaller fragments com- 
pletely devascularized. 

The surgical approach to the fracture leads to 
an additional considerable vascular damage to 
the bone tissue by the soft tissue retraction. 
Additional damage is added by subperiosteal 
exposure that leads to more damage compared 
to careful epiperiosteal exposure [44]. Frag- 
ment manipulation by reduction clamps and the 
plates itself result in further damage to the 
blood supply of bone. Complete visualization of 
the fracture area is needed neither for fracture 
reduction nor for positioning of the plate and 
insertion of the screws [15,45,46]. In con- 
ventional plating techniques, some amount of 
contact between plate and bone is needed for 
stability reasons to allow load transmission by 
friction at the interface. The axial screw force 
generated by tightening the screws and the 
compressive strength of cortical bone gives 
the minimum area required for load transfer. 
Shaping the plate to the bone surface as exactly 
as possible is mandatory so as not to be faced 
with the problem of secondary fracture disloca- 
tion when the fragment is pulled towards the 
plate by tightening the screws. The biologi- 
cal disadvantage of the conventional contact 
plating concept is the appearance of a relatively 
large zone of blood supply disturbance directly 
underneath the implant (Figures 34.1a, b, plate 
section). This deficiency of perfusion is caused 
by direct compression of the periosteal vascular 
network under the plate and leads to necrosis of 
cortex adjacent to the plate [47-55]. Dead bone 
can only be revitalized by removal and replace- 
ment (creeping substitution), a biological 
process which takes a long time to be com- 
pleted. During the recovery of the blood supply, 
a temporary porosis of the bone is observed 
as a result of the tremendous intracortical re- 
modeling. The remodeling activity starts at the 
boundary between vital and initially devascu- 
larized bone and is usually directed towards the 
implant (Figures 34.2a, b, plate section). It is 
accepted that necrotic tissue disposes to and 



sustains infection [56]. The recovery of the orig- 
inal bone structure and vitality generally takes 
more than one year. In the past, many authors 
have tried to explain this temporary bone 
porosity as a functional adaptation of the bone 
structure to the unloading effect of the plate 
according to Wolff’s law [57-69]. The newer 
generations of plates (limited contact, no 
contact implants) decrease the amount of devas- 
cularization of cortical bone due to a reduction 
or the complete absence of implant-bone 
contact. 

Fracture Healing and 
Stability of Fixation 

Fracture healing is the recovery of the biologi- 
cal and mechanical integrity of the osseous 
tissue, i.e., return of the prefracture tissue vital- 
ity and structure as well as the prefracture stiff- 
ness and strength of the injured bone segment 
[70]. The amount of stability achieved by 
implants is the mechanical input for the biolog- 
ical response of bone healing. Beside the injury 
itself, the healing process additionally is modu- 
lated by the additional surgical damage to the 
bone and surrounding soft tissue envelope 
during the process of reduction and fixation 
[25,71-73]. In plate osteosynthesis the impor- 
tance of the amount of mechanical stability to 
achieve direct bone healing was overestimated 
for a long time. Forcing precise reduction to 
improve the postoperative radiological appear- 
ance was likely to be linked to additional and 
sometimes extensive surgical trauma with strip- 
ping and denuding of bone fragments. Because 
dead bone is unable to heal, some of the possi- 
ble complications such as deep infection, non- 
union, delayed union, and refracture have to 
be attributed to the iatrogenic surgical tissue 
damage during the operative procedure. Radi- 
ographically and histologically, different healing 
patterns can be differentiated depending on the 
local mechanical environment [3,6,74]. 

Absolute stability is present when the fracture 
is stabilized by a stiff implant which maintains 
the fracture reduction with no or minimal dis- 
placements occurring under functional loading. 
As a biological consequence, primary bone 
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healing without radiographically visible callus 
formation occurs. It can be assumed that frag- 
ment end necrosis induces internal remodeling 
of the bone, which repairs the fracture by the 
effect of crossing osteons. 

Flexible fixation allows the fracture frag- 
ments to displace in relation to each other when 
load is applied. The external load results only 
in reversible deformation of the splint. After 
unloading, the fracture fragments move back 
into their former relative position. When the 
load results in an irreversible deformation of the 
splint, the fragments remain permanently dis- 
placed. Such a situation with plastic deforma- 
tion of the implant is called unstable fixation. 
All fracture fixation devices possess different 
degrees of implant stiffness and lead to fixations 
of gradually differing flexibility depending on 
how they are applied and loaded. It appears 
likely that some flexibility of fixation is the most 
important mechanism triggering and inducing 
callus [75]. 

In bone healing, the strain conditions of the 
involved tissues have to be taken into account 
when judging under which condition bridging 
by bone formation will occur or a non-union 
develop. The comminution reduces the strain 
magnitude of the interfragmentary tissues in 
each gap for a given amount of overall displace- 
ment, thus allowing its safe differentiation and 
ossification. On the other hand, a small gap with 
some instability still present increases the strain 
of the interfragmentary repair tissue with inher- 
ent risk of non-union [76]. 

Mechanical Aspects of 
Plate Fixation 

Bask Mechanical Principles of 
Internal Fixation 

There are two basic mechanical principles how 
a fractured bone can be stabilized: interfrag- 
mentary compression and splinting. Interfrag- 
mentary compression functions by the elastic 
preload of both the bone and the implant. 
Thereby, the plate is loaded in tension and the 
bone in compression, creating high amounts of 



friction between the bone fragments. Interfrag- 
mentary compression can either be static, i.e., 
induced as a result of a pretensioned implant, or 
dynamic, i.e., generated by means of the func- 
tional load allowing coaptation of the fragments 
along a non-locked internal or external splint. 
Interfragmentary compression can be accom- 
plished only in the case of at least a partial bony 
contact between the main fragments. Addition- 
ally, interfragmentary compression is very sen- 
sitive to minimum amounts of motion-induced 
bone resorption, diminishing the preload of 
both the implant and the bone, with consecutive 
loss of stability [77,78]. 

Splinting consists of the connection of an 
implant to a broken bone. The stability of this 
composite system depends on the stiffness of the 
splint itself, the quality of coupling between the 
splint and the bone, and the presence or absence 
of fracture comminution and bone defects. 
Depending on the localization of the implant, 
splinting can either be external or internal. Inter- 
nal splints can be positioned inside or outside 
the medullary cavity. Depending on the 
mechanical use of the implant, a splint can be 
either gliding (non-locked or dynamically 
locked) or non-gliding (statically locked). The 
plate design itself does not define its later 
mechanical function; it can be used for splinting 
and/or for compression osteosynthesis. 

Plate Designs and New 
Plate Developments 

The Dynamic Compression Plate (DCP) was 
introduced in 1969 [8]. The idea of this plate was 
to enhance stability of fixation by interfrag- 
mentary compression and load transfer by fric- 
tion (Figures 34.3a-c). To improve periosteal 
vascularity underneath the plate, in a first step 
the plates were undercut as far as safe applica- 
tion of the plate screws would allow without 
exceeding the compressive strength of the 
underlying cortical bone. The Limited Contact 
Dynamic Compression Plate (LC-DCP), which is 
currently in clinical use, was the first implant 
modified to preserve the bone circulation 
[12,79,80]. Nevertheless, some contact between 
bone and implant is still needed to allow load 
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Figure 34.3. Mechanism of dynamic compression.When a plate screw 
is inserted eccentrically (a) the screw head slips down along the oblique 
part of the DCP hole (b). By tightening the screw compression in the 
fracture plane and friction at the bone-implant interface is created (c). 



transfer by a friction force at the interface 
created by tightening the screws. 

The next step consisted of minimizing the 
plate-bone contact to isolated points only. With 
the Point Contact Fixator (PC- Fix) the plate is 
not compressed towards the bone. The isolated 
contact points between the plate holes serve 
only to hold the plate at a distinct distance from 
the bone surface until the screw heads engage in 
a conical non- threaded plate hole [81]. With the 
PC-Fix the load transmission is based on the 
partial interlocking of the screw heads in 
the plate holes. Thus, the amount of contact of 
the implant remains very small and without any 
adverse biological or mechanical effects to the 
underlying bone (Figure 34.4). 

Nowadays, conventional plating is being 
increasingly replaced by using internal fixators. 
Internal fixators are “plates” (splints) with com- 
pletely locked screw heads. These implants are 




Figure 34.4. Undersurface of different plates. The undersurface of a 
conventional dynamic compression plate (DCP), the limited contact 
dynamic compression plate (LC-DCP), and the point contact fixator (PC- 
Fix) is shown. 



not pressed onto the bone and do not need any 
contact between implant and bone. Further 
advantages are the possible reduction of the 
screw length to monocortical dimensions with 
the advantage of not needing screw length mea- 
surements and the possibility of using self- 
drilling and self-tapping screws. 

The Less Invasive Stabilization System (LISS) 
was the first internal fixator of the AO-ASIF con- 
ceived for the meta- and epiphyseal regions of 
the distal femur and proximal tibia (Figure 
34.5). Its shape conforms to the anatomical con- 
tours of the specific area of the bone and is 
designed for application via a minimally inva- 
sive submuscular approach. The first step is the 
anatomic reconstruction of the articular com- 
ponent followed by the restoration of the correct 
bone axis in all planes using the femoral dis- 
tractor [82,83]. 
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Figure 34.5. Less invasive stabilization system (LISS).The screw head 
and the plate hole have a conical thread. This construction gives a tight 
and fixed angle connection between plate and screw. 

The newest development is the Locking Com- 
pression Plate System (LCP) which offers the 
advantage that the surgeon can choose during 
the operation whether to use it with conven- 
tional (non-locked) screws, with locked screws, 
or with a combination of both [84]. The specific 
design of the plate hole shows two functional 
elements: The first half of the hole comprises a 
dynamic compression unit that is intended for 
a standard cortical or cancellous bone screw. As 
in the standard DC-plating technique, the 
eccentric screw insertion allows an axial com- 
pression at the fracture site to be achieved. 
Additionally, the screw can be angled with 
respect to the longitudinal and transverse plate 
axis. The second half of the hole is threaded and 
conically shaped, permitting the locking of the 
special locking head screws (Figure 34.6a-c). 
The conical shape of the threaded screw head 
stops the tightening well before the thread 
within the bone sustains critical loads. In addi- 
tion, this eliminates plastic deformation of the 
screw while tightening and equally excludes the 
reported high incidence of screw failures during 
insertion of conventional screws. No contact 
between bone and implant is needed for load 
transmission. The angular stability of the screws 
results in a lower incidence of screw loosening 
and secondary displacement of the fracture 
fragments. In addition, the protection of the 
periosteal blood supply is superior and in sub- 
cutaneous and submuscular plating techniques 




^ 

Figure 34.6. Locking compression plate (LCP). The locking compres- 
sion plate is a further modification of the dynamic compression hole. 
One half consists of a regular dynamic compression hole; the other half 
is conical and threaded (a, b). Standard cortical or cancellous bone 
screws as well as locked head bone screws can be Inserted according to 
the surgeon's preference and the mechanical demands of the fixation. 
The LCP is an asymmetrical plate with a defined middle section (c). 



there is no need for accurate contouring of the 
plate. 

Load Transfer in Conventional Plating 

In a conventional plating technique, insertion 
and tightening of the plate screw generates an 
axial screw force (Fa), which compresses the 
plate onto the bone surface. This compression 
leads to a friction force (Ff) at the bone-implant 
interface. The friction force is proportional to 
the amount of compression with the specific 
bone-implant coefficient of friction (p) as a 
constant of proportionality. Under functional 
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Figure 34.7. Load transfer in conventional plating. Tightening of a 
conventional plate screw results In tensile load of the screw and in com- 
pression at the bone-implant interface. This in turn creates friction at 
the interface able to withstand external loads tending to displace the 
plate on the bone surface. 




Figure 34.8. Adjustment of plate screws in conventional plating. The 
advantage of conventional plate screws is the potential to be angled 
with respect to the longitudinal and transverse axis of the plate. 



loading, a plate osteosynthesis is loaded mainly 
in bending and in axial load. These loading pat- 
terns tend to displace the plate with regard to 
the bone. As soon as the external load (Lg) 
exceeds the amount of friction force installed 
at the plate-bone interface, the plate will slip on 
the bone (Figure 34.7). Under stable conditions, 
the screw is mainly loaded in tension. Once the 
plate starts slipping on the bone surface an addi- 
tional bending moment at the screw head-screw 
shaft junction is present [78]. The advantage of 
the conventional plating is the possibility to 
angle the screws with respect to the plate surface 
(Figure 34.8). The disadvantage is that with time 
the axial screw force is diminished due to bone 
remodeling around the screw threads, leading to 
a corresponding decrease of the friction force 





Figure 34.9. Load transfer in locked screw head plating. When the 
locking screw Is tightened, the thread of the screw head engages in the 
conical threaded hole of the plate providing a stable construct between 
the plate and the screw. The external load Is not transferred by friction 
force at the interface but by interlocking.This in turn results in a bending 
moment at the screw-head-screw-shaft junction. 



at the bone-implant interface. In addition, in 
osteoporotic bone the maximum screw force 
that can be obtained by screw tightening can be 
very low from the beginning, resulting in a low 
friction force and later instability. 

Load Transfer in Locked 
Screw-head Plating 

In contrast to the conventional plating tech- 
nique, in “locked screw-head” plating no contact 
between implant and bone is needed for load 
transfer from one main fragment to the other. 
Therefore, no friction force is generated by axial 
screw force at the bone-implant interface to 
withstand the displacement forces. Mechani- 
cally, this so-called internal fixator is defined as 
a construct in which the screws are the princi- 
pal load-transferring elements from the main 
bone fragments to the implant. In such a 
construct the screws are firmly locked to the 
internal fixator to allow for moment and force 
transfer (Figure 34.9). Thus, the longitudinal 
displacement forces acting on the construct 
are directly transferred from the bone to the 
implant by bending and shear across the screw 
neck [45,81]. The advantage of the locked screw 
head is the change of the mechanical loading 
condition of the screw, which now is mainly in 
bending and less in axial pull-out. The disad- 
vantage is the fixed angle screw direction inside 
the plate and the complete loss of the surgical 
feeling of screw tightening. Even in weak bone. 
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Figure 34.10. Screw fixation in osteoporotic bone. In osteoporotic bone the holding power of conventional screws Is weak, leading to only a small 
amount of friction at the interface with later risk of secondary displacement and screw pullout. To enhance the holding power of the screws, two 
paired screws should be angled and the intramedullary cavity in between filled with bone cement. Fg external load; Fp pullout force; U lever arm 
screw; I, lever arm external force. 



the threaded screw head engages firmly inside 
the plate giving false information about the 
holding of the screw inside the bone. 

Plate Fixation in Osteoporotic Bone 

In osteoporotic bone the commonly recom- 
mended fixation concepts fail because bone 
quality is poor. The holding power of each 
screw in conventional plate osteosynthesis is 
decreased leading to the problem of early 
pullout of screws and secondary fracture dis- 
placement. A possible method of enhancing the 
quality of fixation is the use of bone cement. 
Bone cement can be used around blade plates to 
diminish the danger for cut-out and around the 
intramedullary part of the screws to enhance 
the holding power. In such a case, two screws 
should be angled toward each other and the 
intramedullary space in between should be 
filled with bone cement (Figure 34.10). After 
polymerization the screws are tightened. The 
pair-wise obliquely inserted screws give a very 
stable fixation of the plate. 

In osteoporotic bone fracture fixation, using 
the internal fixator concept seems to be advan- 
tageous because stability of fixation does not 
rely on an axial screw force creating a friction 
force at the implant-bone interface, but on 
locked screws loaded mainly in bending during 
functional loading. 




Figure 34.11. Schuhli nut. The schuhli nut is a sort of a threaded 
washer, which is positioned underneath a conventional DC plate. By 
tightening of the screw the nut is pulled towards the plate creating an 
angular stable system with enhanced holding. 

Another possibility to increase the holding of 
screws in osteoporotic bone is the use of 
“schuhli nuts”. Schuhli nuts are placed under- 
neath the plate and have an identical thread like 
conventional cortical screws. Tightening the 
screw locks it within a plate hole creating 
an angular stability of the screw-plate-schuhli 
construct with enhanced holding power (Figure 
34.11). The advantage of the schuhli nuts is 
avoiding the potential adverse effects of bone 
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cement on fracture healing with extravasation 
and thermal necrosis [85-87]. But, the fiddling 
factor of the schuhli nuts is more important 
than with the use of a locking screw head system 
(LCP, LISS). 

Mechanical Characteristics of Plates 

Most plates used for osteosynthesis are still 
metallic implants (stainless steel or titanium). 
The availability of the material and, more impor- 
tantly, the excellent mechanical and biological 
properties of metals are the main reasons for its 
widespread use in internal fixation. Metals offer 
on the mechanical side high stiffness and 
strength to withstand deformation or fatigue 
failure, sufficient ductility to allow shaping of the 
implant, and corrosion resistance, and on the 
biological side good tissue compatibility 
without localized toxic reactions [88-91]. 

According to Hooke’s law the relationship 
between stress and strain is linear for all ma- 
terials up to the proportional limit (‘‘ut tensio 
sic vis”, Robert Hooke, 1676). The slope of the 
curve is a measure of the stiffness of the 
material; it is high in rigid implants and low 
in flexible implants. In the following short part 
of the stress-strain diagram, deformation of the 
material is still elastic, but disproportional until 
the elastic limit is reached. At the yield point, 
plastic deformation (creeping) of the material 
occurs without a substantial change of the stress 
magnitude. Elasticity means that the material 
regains completely its original dimensions upon 
removal of the applied forces. With further 
loading a plastic and irreversible deformation of 
the material occurs. Materials capable of with- 
standing large plastic deformation are referred 
to as ductile materials; the opposite applies for 
brittle materials. In osteosynthesis, ductile 
materials are needed to allow shaping and con- 
touring of the implants. The highest point of the 
diagram is the ultimate strength of the material. 
The endpoint of the diagram is given by the 
failure of the material where the elongation at 
rupture can be defined. The term strength 
defines the limit of stress that a material can 
withstand without rupture; it determines the 
level of load up to which the implant remains 
intact (Figure 34.12). 



Regularly, all implants are repetitively loaded 
well below the ultimate strength of the material. 
Thus, much more important than the ultimate 
strength of the material is the fatigue behavior 
of the implants. The relationship between stress 
magnitude and number of loading cycles is 
described by Wohler’s curve (Figure 34.13). 

Beside the pure mechanical characteristics of 
implants, its surface structure is important with 
respect to tissue adherence, which may allow 
formation of a fluid-filled dead space surround- 
ing the implant promoting growth of bacteria 
[90,92-94]. 

Mechanics of Osteosynthesis Using 
Plates or Internal Fixators 

Effect of Plate Length on Screw Loading 

In plate osteosynthesis the length of the plate 
and the position of the plate screws play an 
important role with respect to plate and screw 
loading conditions. The longer the splint is, the 
less pull-out force is created on the screws due 
to improvement of the working leverage of the 
screws (Figures 34.14a-d). Thus, when using a 
plate as a splint the use of a very long plate is 
important from a mechanical point of view 
[26,95,96]. With the newer subcutaneous and 
submuscular plating techniques, the surgical 
dissection to insert long plates is not increased, 
thus the mechanical advantage of the use of 
longer plates has no biological disadvantage 
[11,15,18,21,26,30,32,97]. Using an internal 
fixator with locked screw heads, the screw 
loading is mainly in bending and not in pullout. 
With an external bending moment all the screws 
are loaded at the same time and, thus, failure is 
less frequent (Figures 34.15a, b). Nevertheless, 
the working leverage of an internal fixator 
should also be kept long and spacious. 

Effect of Screw Position on Plate Loading 

Bridging a longer bone segment in the middle 
of the plate over the fracture area reduces the 
implant strain due to bending. Bending a plate 
over a short segment enhances the local strain 
inside the implant. Bending over a longer 
segment reduces the local strain that results in 
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Figure 34.12. Stress-strain diagram. The diagram describes the behavior of a material under tensile load. Stress and strain are proportional up to 
the proportional limit. The elastic modulus of the material is the constant of proportionality. Up to the elastic limit, a short part of further elastic, but 
disproportional, deformation of the material is observed. With further loading, plastic and irreversible deformation occurs.The yield point is charac- 
terized by creeping of the material, i.e., elongation without an increase of the stress.The ultimate strength is defined as the highest stress tolerated 
by the material without failure (calculated for the Initial cross-section, Ajnitiai). Failure occurs after further plastic deformation; at that point the elon- 
gation at rupture can be determined. 
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Figure 34.13. Fatigue strength of materials. The fatigue behavior of 
an implant is much more important in internal fixation than the ulti- 
mate strength. During functional rehabilitation until the bone has 
healed, cyclic loading of the implant occurs with the risk of fatigue 
failure of the implant. The higher the stress the less loading cycles are 
tolerated by a given implant. The fatigue strength is defined as the 
asymptotic line of the so-called Wohler curves (stress-loading cycle 
diagram). For high stresses a steel plate withstands more loading cycles 
than a titanium plate. For low stresses the resistance of titanium against 
fatigue failure is higher. 



a protection effect against fatigue failure of the 
implant (Figures 34.16a-d). Thus, in compres- 
sion plating with the load-sharing condition of 
plate and bone - the inner plate screws can be 
inserted as close as possible to the fracture; the 
peripheral screws are inserted at each plate end. 
With locked screw-head plating and the 
mechanical condition of splinting, a longer dis- 
tance between the two screws adjacent to 
the fracture is needed to obtain a longer dis- 
tance and a lower elastic plate deformation 
[28,96,98,99]. When the stress of the plate due to 
external loads is small, more loading cycles are 
tolerated without fatigue failure of the implant. 
The fatigue strength of the implant is more 
important than the pure ultimate strength and 
the stress at rupture of the implant [89]. 

Effect of Plate Position on Rigidity of Fixation 

The concept of load sharing is important for 
the loading condition and endurance of a plate. 
When bony contact between the main frag- 
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Figure 34.14. Effect of plate length on screw loading. The bending moment acting on an osteosynthesis plate tends to pull out the plate screws. 
With a short plate the screw loading is relatively high due to a short working lever arm of the screws (a, b) for both directions of bending moment 
(force acting towards the plate or away from the plate). The use of a long plate increases the working lever arm of each screw. Thus, under a given 
bending moment, the pullout force of the screws Is decreased (c, d). Lj = Lever arm screw; Le = lever arm external load. 
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Figure 34.15. Screw loading in locked head screws.The bending moment acting on an internal fixator with locked plate screws leads to simulta- 
neous bending of all the screws and not to an isolated pullout force on each individual screw (a). Thus, resistance against screw failure Is improved. 
This holds true also with the use of monocortical self-drilling screws (b). 



merits is achieved after fracture reduction, even 
broken bone is able to withstand compressive 
loads, leading to partial unloading of the plate. 
In the composite mechanical system of plate 
osteosynthesis the plate is firmly connected to 
bone either by a friction force at the interface or 
by locked plate screws. Composite structures, 
such as a composite bone-metal beam, show 
a different mechanical behavior compared to 
individual beams. The rigidity of such a system 
is much greater than the sum of the rigidity of 
the individual beams. The composite structure 
bends in a new common neutral axis lying in 
between the neutral axes of the two individual 
beams (Figure 34.17a, b). In case of different 
modules of elasticity and different cross- 
sections of the beams, the new neutral axis is 
found where the products formed by the axial 
stiffness and the distance to the new neutral axis 
of each beam is equalized [88,100,101]: 

(EA)pi,„(h-z) = (EA)bo„eZ 

E Elastic modulus; 

A Area of the cross-section; 

h Distance between the two area centers of 

gravity; 

z Shift of the neutral axis of the bone; 
h-z Shift of the neutral axis of the plate. 



The composite beam theory determines the 
mechanical behavior of two beams under pure 
bending or eccentric axial load. The axial rigid- 
ity of a beam is the product of its modulus of 
elasticity and the cross-section (EA). The 
bending rigidity of a beam is the product of its 
modulus of elasticity and the area moment of 
inertia with respect to the specific bending 
direction (El). The stiffness of a composite 
beam can be calculated using the following 
formula: 

Elcomposite “ (^l)bone + (EI)p,a,e 

+ (EA),„„,z^+(EA)p„,(h-z)^ 

According to the Steiner’s principle, the increase 
in the bending stiffness of the composite beam 
with respect to the bending stiffness of the indi- 
vidual unconnected beams is mainly caused 
by the shift of the neutral axis with dramatic 
enhancement of the area moment of inertia of 
both the bone and the implant [88,91]. 

A plate has a different bending rigidity 
according to the individual bending direction 
(Figure 34.18). Thus, plate position and bending 
direction influence the overall stiffness of a 
plate osteosynthesis. Figure 34.19 shows the 
bending rigidity of an intact tubular bone 
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Figure 34.16. Effect of screw position on plate loading. A small gap after internal fixation using a plate leads to a stress concentration of the implant 
at the gap site when the plate screws are inserted close to the gap (a, b). When a larger gap is present after osteosynthesis the external load results 
in a stress distribution over a longer segment of the plate with concomitant decrease of the plate loading (c, d). 
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Figure 34.17. Shift of the neutral axis of a composite beamJhe tight 
connection of two beams (plate and bone) results in a shift of the 
neutral axis of the composite structure. Using a plate with the elastic 
modulus of bone leads to only a small shift (a). A steel plate with high 
elastic modulus increases the shift of the new common neutral axis.This 
shift enhances the area moment of inertia - and with that also the stiff- 
ness - of both the plate and the bone (b). 



Figure 34.18. Bending stiffness of plate under different bending 
directions. The bending stiffness of a plate depends on the direction of 
the bending moment. Bending towards the highest dimension or 
bending towards the smallest dimension makes a difference of about a 
factor of eight in the bending stiffness of the plate. 
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Figure 34.19. Bending stiffness of plate osteosynthesis.The bending stiffness of a plate osteosynthesis depends mainly on the position of the plate 
with regard to the bending direction. When the bone can withstand compressive loads the highest stiffness of the composite beam is reached when 
the implant is positioned on the tension side. The elastic modulus of the plate is unimportant when comparing steel and titanium plates (elastic 
modulus of steel 1 90 GPa, of titanium 110GPa). 



(taken as 100%), steel, and titanium plates and 
osteosynthesis using steel or titanium plates 
under different bending directions [101]. It is 
remarkable that the stiffness of the plate itself is 
relatively small compared to the bending stiff- 
ness of the bone alone. Using either steel or tita- 



nium plate, the differences in the modulus of 
elasticity of the plates are unimportant with 
regard to the changes in the overall rigidity due 
to different bending directions. It is evident that 
a rigid composite system leads to unloading of 
the plated bone segment with the unloading 
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being highest in the cortex directly underneath 
the implant [102]. 

The shift of the common neutral axis in 
bending can be even more important in wave 
plate osteosynthesis where the bending stiffness 
is higher than in conventional plating tech- 
niques when the cortex opposite the wave plate 
is in tight contact and loaded in compression. 
Biologically, the wave plate osteosynthesis is 
advantageous in case of disturbed vascularity of 
the bone cortex underneath the plate to allow 
revascularization of the bone despite a bone 
plate in situ [19,103-105]. 

Effect of Plate Position and Plate Contouring on 
Plate Loading 

The position of a plate influences the amount of 
plate loading. This is essential when plating is 
performed in a diaphysis, which is eccentrically 
loaded such as in the femur. Each eccentric axial 
load on a beam results in a bending moment of 
the beam with tensile stress on one side and 
compressive stress on the other. For anatomic 
and mechanical reasons, in the femur the plate 
is positioned regularly on the lateral side. In 
case of contact between the main fracture frag- 
ments the bone is loaded in compression and 
the plate in tension. In such a load-sharing sit- 
uation the load on the plate is low and mainly 
in tension, which is well tolerated by the implant 
(Figure 34.20). In case of a comminution 
without bony contact between the main frag- 
ments, the laterally positioned plate is the only 
load carrier and undergoes high tensile and 
compressive stress due to pure bending (load- 
bearing situation). Only the rapid formation of 
callus with integration of the bony fragments 
opposite the plate (biobuttress) protects the 
implant from mechanical overload and fatigue 
failure. Theoretically, in such a case the loading 
of the plate can be decreased when positioning 
the plate on the medial aspect of the femoral 
diaphysis. In this position the plate is close to 
the weight-bearing axis of the leg and, therefore, 
the load on the implant is mainly axial (com- 
pressive) and less bending (Figure 34.21). But, 
clinically, the medial approach to the femur and 
a medial plating technique is used only when 
the fracture is associated with a vascular injury 
needing repair. In osteosynthesis, using a wave 
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Figure 34.20. Load-sharing situation after femoral plating. In plate 
osteosynthesis the plate loading due to an eccentric axial load is com- 
parably small when the main fracture fragments are in contact and the 
bone able to withstand compressive loading (tension band plating). 



plate load sharing between implant and bone 
is even more important than with a regular 
straight plate. When there is no osseous contact 
between the main fragments only the lever arm 
of the externally applied axial load is increased, 
creating an even higher bending moment of the 
plate than with the use of a straight plate. In case 
of at least partial osseous contact, in addition 
the lever arm of the wave plate is increased, 
which leads to a reduction of the implant 
loading (Figure 34.22). 

Clinical Aspects of 
Plate Fixation 

Plate Functions 

In clinical practice, plates can be used with dif- 
ferent mechanical functions. But, often, a com- 
bination of different mechanical functions is 
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Figure 34.21 . Load-bearing situation after femoral plating. In a com- 
minuted fracture pattern the plate Is the only load carrier of the 
osteosynthesis. Due to the distance between the plate and the weight- 
bearing axis a high bending moment is present, resulting in high 
bending stress of the plate. In such a situation the plate loading can be 
substantially decreased when the plate is positioned as closely as pos- 
sible to the weight-bearing axis. This decreases the eccentricity of the 
axial load and the plate Is mainly loaded in compression. 



Figure 34.22. Stiffness of a wave plate osteosynthesis. With at least 
unicortical contact between the main fracture fragments, a wave plate 
osteosynthesis is a very stiff composite construct. In a comminuted frac- 
ture the wave plate is critical from a mechanical point of view because 
the distance between the plate cross-section under load and the exter- 
nal axial load is increased. This enhances the bending moment and the 
plate loading. 



possible in plate osteosynthesis. Plate functions 
include: 

Plate as an internal splint. This is the main func- 
tion of each plate. It is each time present when 
a plate is used for internal fixation of a fracture. 
The efficacy of the splint function depends on 
the mechanical properties of the splint and the 
quality of anchorage of the splint to the bone. 

Bridge plate. The plate spans a comminuted 
fracture area and provides elastic fixation with 
the mechanical function of a pure splint. 

Tension band plate. The plate is applied on the 
tension side of the bone (e.g., lateral side of the 
femoral shaft). The bone is loaded in static 
and/or dynamic compression. Thus, load 
sharing between the plate and the bone is 
present. 



Compression plate. Compression can be exerted 
by the use of eccentric screw holes, the tension 
device, or by overbending of the plate. 

Neutralization or protection plate. In case of a lag 
screw fixation of a simple fracture, the additional 
neutralization of the fracture area by means of a 
protection plate is recommended. The technique 
of lag screw fixation and compression osteosyn- 
thesis is being more and more abandoned due to 
its inherent risk for surgically induced vascular 
damage to bone and soft tissues. 

Buttress plate. The plate supports a piece of bone 
mainly in the meta- or epiphyseal area. 

Antiglide plate. The plate is positioned in a such 
a way as to push a fragment into its anatomical 
position and to inhibit secondary displacement 
by direct interference with a meta- or diaphy- 
seal bone fragment. 
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Figure 34.23. Reduction in plate osteosynthesis. In conventional plating the plate should be contoured exactly to the shape of the surface of the 
bone. After having fixed the plate to the one main fragment, the other fragment can be pulled towards the plate by inserting screws leading to 
proper reduction and fixation (a). When the plate is not properly contoured, reduction on the plate results in an axial misalignment (b, c). Using an 
internal fixator with locked screw heads poses no risk for loss of reduction during screw tightening because the screws engage inside the threaded 
plate hole before pulling the bone fragment towards the plate (d). 



Reduction Technique 

The technique of direct reduction of a fracture 
by visualization of the fragments is an invasive 
and devitalizing way to achieve “anatomical” 
reduction of a fracture. In diaphyseal fractures, 
today’s reduction technique is indirect with a 
minimal exposure of the fracture and the frag- 
ments [46]. 

Any relatively straight portion of any bone 
may be reduced by the application of a straight 



plate. The plate application precedes reduction; 
it acts as a splint to restore alignment. Distrac- 
tion of the fracture increases the tension in the 
soft tissues. This tends to recentralize the frag- 
ments, causing them to approximate their pre- 
vious location in the fractured bone [23]. The 
disadvantage of this technique is the potential 
for incorrect reduction when the plate used for 
reduction onto the implant was initially not 
shaped accurately to the bone surface (Figure 
34.23a-d). Another mechanism is the reduction 
through interference along the external surfaces 
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of bone and plate. This principle can be demon- 
strated during reduction and fixation of a malle- 
olar fracture using the antiglide function of the 
plate [106]. In the case of an oblique fracture, 
the application of the plate to the proximal frag- 
ment results in interference with the distal frag- 
ment. As the plate pushes against the displaced 
distal fragment, it forces the reduction along 
the oblique fracture surfaces. When using the 
locked screw-head system no reduction of bone 
fragments onto the implant is possible. The frac- 
ture needs to be reduced properly before the 
internal fixator is inserted to maintain the 
achieved reduction. In such a procedure, it is 
advantageous that fracture fragments do not 
tend to redisplace during screw tightening 
because the screws engage inside the threaded 
plate hole without pulling the fragment towards 
the plate. 

Fixation Technique 

Today, the principles of fixation techniques are 
minimal, but optimal. That means longer splints 
acting with optimal lever arms for the screws 
are preferable [14,16,26]. The main fragments 
are held in place using balanced fixation on both 
sides of the fracture. In the case of a simple frac- 
ture, the use of interfragmentary compression is 
still safe from a mechanical point of view. A 
small fracture gap in a simple fracture configu- 
ration combined with elastic fixation leads 
to high interfragmentary tissue strain, which 
sometimes can inhibit fracture consolidation. In 
such short fractures, repetitive bending stresses 
will be concentrated and centered on a short 
segment of the plate, which thereby can break 
more easily due to fatigue. The risk of mechani- 
cal implant failure can be considerably reduced 
if longer plates are used despite a short fracture 
zone, so that stresses are distributed over a 
longer section of the plate. 

In multifragmentary fractures a bridge plate 
technique is advantageous. The implant spans 
over a longer bone segment decreasing the 
strain of the granulation tissue which will be 
formed between the fracture fragments, allow- 
ing its safe differentiation into bone tissue. 
Additionally, the plate itself undergoes low 



deformation during functional aftercare as 
bending stresses are distributed over a long 
segment of the plate with reduced risk of plate 
failure. 



Conclusions and Outlook 

Within the last two decades new thinking on 
operative fracture treatment using plates has 
been established. Using plates for internal fixa- 
tion, the advantages of operative and conserva- 
tive treatment have to be combined: proper 
alignment of the injured bone segment and suf- 
ficient stability of fixation allowing functional 
aftercare and an undisturbed natural course of 
bone healing. Thus, in shaft fractures, the exact 
reduction of each bone fragment is no longer a 
goal in itself. Rather, the overall restoration of 
length, axial alignment, and rotation are the 
goals. 

Plate osteosynthesis keeps its important 
and well-established place in the treatment of 
certain fractures. Classical indications for an 
osteosynthesis using plates or internal fixators 
are articular fractures, metaphyseal fractures, 
and some diaphyseal fractures, such as forearm 
fractures, diaphyseal fractures with associated 
articular fractures, diaphyseal fractures in 
poly fractured or poly traumatized patients, 
narrow medullary canal not suitable for 
intramedullary rodding, and some diaphyseal 
fractures in children. 

The understanding of bone biology caused 
not only a change in surgical tactics when per- 
forming internal fixation, but it stimulated 
research to modify and improve the existent 
implants, aiming to reduce vascular damage to 
the bone tissue caused by the implant. Internal 
fixators with locked plate screws mechanically 
used as pure splints and inserted in a minimally 
invasive subcutaneous or submuscular way 
replace more and more the older conventional 
plating concepts. The new technique minimizes 
the surgical devascularization and the implant- 
inherent vascular insult to the bone tissue. Pre- 
serving the viability of all fracture fragments 
by protecting the soft tissue envelope is more 
important than the primary stability of an 
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osteosynthesis. Healing by means of callus for- 
mation is potentially faster than the one based 
on inherently slow cortical remodeling. The 
good healing capacity of viable fragments 
results in stable conditions after a short time 
period, protecting the implant from fatigue 
failure. The surgeon’s task is to make the sound 
synthesis between mechanical demands of the 
fracture and biological competence of the 
involved tissues. 

Common Mechanical 
Terms and Formula 

Brittle material: 

Material with no or low capacity of plastic 
deformation. 

Ductile material: 

Material with large capacity of plastic 
deformation. 

Elasticity: 

Reversible deformation of a material. The mate- 
rial regains its original dimensions and shape 
after unloading. 

Elastic modulus E: 

Constant of proportionality between stress and 
strain. Slope of the initial curve of a stress-strain 
diagram. Represent the stiffness of a material to 
an imposed load. Also called modulus of elas- 
ticity, Young’s modulus: 

E = 5al8e = tan(p 

Friction: 

Friction force at an interface. Product of a force 
perpendicular to a surface and a proportional 
constant (friction coefficient). Ff = p Fa 

Plasticity: 

Irreversible deformation of a material. Materi- 
als capable of withstanding large strains are 
referred to as ductile materials; the converse 
applies to brittle materials. 

Stability: 

Degree of relative movement between frag- 
ments. Absolute stability means no motion 
between fragments under given load. Relative 
stability means that the fragments displace 
under load, but go back to the initial position 
with unloading. 



Stiffness: 

The resistance of a material to deformation 
under load. The higher the stiffness of a mater- 
ial the smaller its deformation under a given 
load. The product of the cross-sectional area 
and the elastic modulus expresses axial stiff- 
ness: Rax = A E. 

Bending stiffness is defined as the product of 
the axial area moment of inertia (with respect 
to the individual bending axis) and the elastic 
modulus: Rbe = lax E. 

Strain e: 

Deformation of a material under a given load. It 
is expressed as elongation per unit of original 
length and is a dimensionless quantity e = AI/Iq. 

Strength: 

Ability of a material to withstand load without 
structural failure. It can be reported as ultimate 
tensile strength, as bending strength or tor- 
sional strength. It is expressed in units of force 
per unit of area (stress) or elongation at rupture 
(strain). 

Stress (T: 

Force per unit cross-sectional area. Stress is 
directly proportional to strain with the elastic 
modulus (E) as constant of proportionality. Unit 
of stress is Newton/m^ (Pa). Normal stress 
means that the force is acting perpendicular to 
the surface, shear stress that the force acts par- 
allel to a surface a = F/A, a = E £. 
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35 Malignant Bone Tumors: From Ewing's Sarcoma 
to Osteosarcoma 

D. G. Poitout and J. Favre 



Introduction 

Primitive malignant bone tumors are rare as 
they represent less than 1% of all cancers. 
Osteosarcoma and Ewing’s sarcoma occur the 
most frequently. They affect, in particular, older 
children, adolescents, and young adults. For 
many years these tumors could be controlled 
locally (often involving an amputation) by 
radical surgery accompanied or not by radio- 
therapy, depending on the histological type. 
Unfortunately, most of the patients died within 
two years from secondary lesions in the lung. 

Only recently has it been possible to improve 
the survival rate. Indeed, the prognosis of these 
tumors, until then complicated by the occur- 
rence of pulmonary metastases in almost 90% 
of cases, has been revolutionized by the advent 
of “heavy” chemotherapies, capable of eradi- 
cating infraclinical metastases. At the same 
time, the progress made in surgical techniques 
has enabled the number of limbs saved to be 
increased and therefore an improvement in 
the future of these young patients in terms of 
function. First of all we should stress the impor- 
tance of close multidisciplinary collaboration, 
from diagnosis to post-therapeutic monitoring 
through all the stages of treatment, a collabora- 
tion upon which the prognosis of the survival 
of the patient for whom we are responsible 
depends. 

Epidemiology 

Frequency 

There are approximately one hundred new 
cases of osteosarcoma per year in France. The 



incidence of Ewing’s sarcoma is estimated at two 
to three new cases per year and per million chil- 
dren under 15 years of age in the USA and in 
the United Kingdom. There is a slight pre- 
ponderance of males suffering from these two 
tumors with a gender ratio of approximately 1 : 
5. Osteosarcoma can occur at any age but is 
found mainly in young people with an average 
age of 17 years. 

Ewing’s sarcoma most often occurs during 
the second decade of life with an average age of 
11. It is exceptional before five years of age and 
after 30. Finally, it should be noted that Ewing’s 
sarcoma is very rare in people of black African 
descent. 

Risk Factors 

There is often a history of trauma in the weeks 
preceding the discovery of the tumor, but 
whether this factor is responsible is still being 
discussed and it could be no more than a factor 
which makes clinical discovery more likely. Both 
types of tumor seem to occur more frequently 
in tall patients. This, no doubt, is related to the 
hormone changes of rapid growth. 

Osteosarcoma 

In the child, osteosarcoma may be accompanied 
by familial retinoblastoma in 4% of cases. Then 
the same cytogenetic anomalies are found 
for bone tumors as for the retinal tumors. 
One percent of Paget’s disease of the bone can 
degenerate into osteosarcoma. A radiation- 
induced etiology is also possible for this disease 
(osteosarcomas have been described in particu- 
lar after anti-inflammatory radiotherapy for 
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aneurysmal bone cysts). In these two latter 
cases, adults beyond the quarantine period are 
most often involved. 

Tumors of the ethmoid in people exposed to 
wood dust are classical, with the most frequent 
histology being adenocarcinomas, of course, but 
osteosarcomas can also be present. 

Ewing's Sarcoma 

Few Specific risk factors have been described 
for Ewing’s sarcomas. They may occur on pre- 
existing benign bone lesions. 

Pathological Anatomy 

Varieties 

Osteosarcomas 

Osteosarcomas start in the center of the 
medulla, most frequently in the metaphysis of 
the long bones. The lower extremity of the 
femur, and the upper extremity of the tibia or 
of the humerus are the most frequent sites 
(80% of cases). At a microscopic level, these 
tumors are characterized by osteoid produc- 
tion. Osteoblastic and chondroblastic varieties 
(characterized by the presence of chondroid 
tissue) have been described. Due to cell differ- 
entiation and the quality of the stroma, dis- 
tinctions can be drawn between the fibrous 
osteosarcomas (with an abundance of collagen), 
telangectasic osteosarcomas (considerable 
vascularization), and anaplastic osteosarcomas 
(very non-differentiated). These last two vari- 
eties have the worst prognosis. Parosteal 
sarcoma, a highly ossifying variety of osteosar- 
coma, has a better prognosis. 

Anatomical pathological examination can 
also pinpoint the fusiform or small cell nature 
of the tumor (the latter have a poorer pro- 
gnosis). Some authors also suggest a cyto- 
logical scale of 1 to 4 in order of increasing 
malignancy. Indeed, the introduction of inten- 
sive chemotherapy has removed the role of 
these prognostic factors. The histological vari- 
ety of the tumor no longer affects the course of 
the disease. 



Ewing's Sarcoma 

Unlike osteosarcoma, in more than half of cases, 
Ewing’s sarcoma develops in the axial skeleton 
starting from the pelvic girdle. This fact was first 
described by J. Ewing in 1921 as a bone tumor 
with small round cells, distinct from osteosar- 
coma. The origin of the tumor has long been 
discussed. An endothelial, neural, mesenchyma- 
tous starting point has been suggested. It would 
currently appear, owing to the immunohisto- 
chemical and cytogenetic data, that it is one of 
the tumors deriving from the neurectodermis, 
of which it would be the least differentiated 
form, and of which the neuroepithelioma would 
be the differentiated form. 

From an anatomical pathological point of 
view, it is a monomorphous proliferation of 
small round cells with fine chromatin, positive 
PAS, with a fine network of intercellular reticu- 
lin. Immunohistochemistry and, in particular, 
cytogenetics make it possible to differentiate 
Ewing’s sarcoma from other small round cell 
tumors in the child and in the adolescent. In 
more than 80% of cases of Ewing’s sarcoma, 
there is specific translocation (11, 22 q24; ql2). 
In the absence of specific translocation, chro- 
mosome 22 derives from translocation in 9% of 
cases. 

Spread 

Osteosarcomas 

It is customary to say that “osteosarcoma is 
a lung disease starting in the bone”. This 
brief description straight away emphasizes the 
early and extreme frequency of the pulmonary 
micrometastases which do, of course, determine 
the prognosis in terms of survival. Locally, 
the tumor develops centrifugally, invading and 
destroying the normal bone up to the cortex and 
to the adjacent soft tissue. There is often a 
pseudo-capsule which really consists of inflam- 
matory tissue at the interface between the tumor 
and normal tissue. 

The very frequent presence of satellite 
tumoral nodules situated on the same bone 
as the main tumor but not continuous with 
it has also been described. These are, in fact, 
“local metastases” which have developed from 
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tumoral emboli via the medullary sinuses. 
These have to be taken into account when deter- 
mining the extent of the surgical excision. 
Ganglionic involvement is unusual for this his- 
tological type since it only appears in less than 
10% of cases in autopsy series. On the other 
hand, hematogenic metastases are extremely 
frequent and develop at an early stage. They 
occur predominantly in the lungs, and it is esti- 
mated that approximately three-quarters of 
patients have microscopic pulmonary metas- 
tases at the time of diagnosis. 

The second site for metastases in order of 
frequency is the bone but it is rare that bone 
metastases are present if earlier pulmonary 
lesions are absent. Other types of metastases 
only occur very exceptionally. 

Ewing's Sarcoma 

The local development of Ewing’s sarcoma is 
slightly different. There is often complete inva- 
sion of the medullary cavity of the bone con- 
cerned as well as involvement of the cortex and 
of the soft tissue. Ganglionic metastases seem to 
be a little more frequent than for osteosarco- 
mas, but here, too, it is the hematogenous metas- 
tases which tend to occur with a frequency of 
15-40% at the time of diagnosis. Pulmonary 
secondaries still arrive there first, followed by 
bone metastases and invasion of the medulla. 

Diagnosis 

Circumstances in which it is Discovered 

Pain is often the first symptom; it maybe intense 
and accompanied by serious functional infir- 
mity or, on the other hand, not intense and only 
felt if pressure is applied. Sometimes there is a 
nocturnal recrudescence. This pain, caused by 
intraosseous hypertension, is considerable in 
the forms which start centrally. It may also be 
accompanied by limping in lesions of the leg. 

Its site varies depending on the type of 
tumor: 

In the case of osteosarcoma, it is most frequently 
found in the metaphysis of the long bones, “close 
to the knee and far from the elbow”. Lower 



extremity of the femur (50%), upper extremity 
of the tibia (15%), upper extremity of the 
humerus (15%). 

Ewing’s sarcoma tends to develop in the axial 
skeleton and in shoulder and pelvic girdles. 
Involvement of the flat bones, although excep- 
tional for osteosarcomas, is very common in 
Ewing’s sarcoma. 

The tumor can also be palpated. A careful ex- 
amination shows that it is one with the bone, 
with the neighboring joints rarely being af- 
fected. It varies in consistency, being hard, firm, 
or sometimes softer. The tumor may be pulsat- 
ing. Classically there may be crepitus on pres- 
sure but this sign is, in fact, rare. The tumor 
increases rapidly in size, deforming the bone 
concerned; the skin has a smooth and stretched 
appearance, with dilated veins. 

The disease may also be manifested by a 
pseudo-infectious syndrome. Indeed, hemor- 
rhaging and intra-tumoral necrosis may make 
the tumor fluctuant, with an increase in tem- 
perature locally and cutaneous erythema, 
mimicking an abscess. 

The diagnosis may also be made in the pres- 
ence of a spontaneous fracture or secondary to 
minimal trauma. 

When the tumor is large, the mass can lead to 
vascular, nervous, and medullary compression 
of a hollow organ; this rarely reveals the disease 
except for pelvic or vertebral lesions. 

Finally, the diagnosis may be made when 
prevalent, mainly pulmonary, metastases appear 
or even when the patient’s general condition 
deteriorates and may be accompanied by fever. 

The Components Involved In 
the Diagnosis 

History-taking and Clinical Examination 

The person taking the history will look for any 
risk factors, and the existence of functional or 
general signs and their development over time. 
The examination will establish the extent of the 
lesion, its clinical appearance and the presence 
of complications. Ganglionic metastases are 
rare and secondary visceral lesions are usually 
asymptomatic. 
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Biology 

There are no specific markers of these tumors. 
At most there may be an inflammatory syn- 
drome without any specific features. Ewing’s 
syndrome may be accompanied by an increase 
in the LDHs. 

Radiological Examinations 

X-rays without preparation classically show 
different images according to the histological 
type but only an anatomical-pathological 
study will provide diagnostic proof. The 
osteosarcomas may be non-ossifying. The X-ray 
picture then displays non-homogeneous lysis 
and is poorly defined. On the surface, there is 
sub-periosteal osteophytosis forming spicules 
and it is responsible for a “sun ray” appearance. 
Ossifying osteosarcomas give the same radio- 
logical signs, accompanied by intra-tumoral 
opacities which are sometimes very dense. 
These ossification images may also exist in 
extraosseous tumoral zones when the soft 
tissues are invaded. 

The radiological signs of Ewing’s sarcoma, 
such as simple gumming of the bone frame- 
work, are sometimes very difficult to see. The 
typical appearance is that of osteolysis bordered 
by a considerable periosteal reaction, resulting 
in the so-called “onion-skin appearance”. 

Specific incidences may be useful for sites 
such as the sacrum and the vertebrae. 

Whatever type of tumor is involved, bone 
scintigraphy using Technetium 99 will reveal 
intense hyperfixation. 

Computerized tomography has to be carried 
out, adhering to certain quality criteria and dual 
window examination to allow a detailed exami- 
nation of the bone and soft tissue, before and 
after injection of the contrast medium. The 
lesion is irregular, poorly defined, invading the 
adjacent soft tissue with often heterogeneous 
uptake of the contrast medium. 

MRI, used in addition to the scanner and allow- 
ing a tri-dimensional study of the tumor, seems 
to be more successful in evaluating whether it 
has spread to the soft tissue and to the bone 
medulla, and establishes its relationship with 
the vasculo-nervous bundles. 



Angiography reveals anarchical vascularization 
of the tumoral mass. It is particularly useful 
for establishing the lesion’s relationship to the 
large vessels and for guiding the surgeon in 
his maneuvers. 

Pathological Anatomy 

Only an anatomical-pathological examination 
will make it possible to make a formal diagno- 
sis. Therefore, a biopsy has to be performed as 
a matter of surgical urgency but it does involve 
some risk of hematogenic dissemination and 
local release of growth factors. It involves a real 
surgical operation and therefore has to be per- 
formed by a qualified surgeon who is a member 
of the multidisciplinary team which will be 
taking care of the patient. This procedure has 
to performed under general anesthetic, with a 
tourniquet at the base of the limb and before any 
treatment. The technique has to be performed 
correctly, with surgical opening of the tumor to 
enable removal accompanied by rigorous 
hemostasis and careful suturing. Needle or 
trocar biopsies are only indicated for sites which 
are difficult to access such as the vertebral 
bodies. The surgical approach and course of the 
drains will ultimately have to be removed with 
the tumor in order to limit the risk of a local 
relapse. 

Differential Diagnosis 

There is more than one infection-related 
problem which may be particularly reminiscent 
of Ewing’s sarcomas, all the other benign bone 
tumors will also have to be eliminated (osteoma, 
chondroma, fibroma, angioma, giant-cell tumor, 
solitary or aneurysmal cyst. But it is, in par- 
ticular, the other malignant bone tumors which 
can sometimes pose a problem in differential 
diagnosis: chondrosarcoma (the prognosis of 
which is poor because at present there is no 
treatment apart from radical surgical excision), 
Parker and Jackson’s lymphoma (which really 
belong to the group of non-Hodgkin’s malig- 
nant lymphoma and therefore must be treated 
as such), fibrosarcoma and angiosarcoma 
(forming part of the group of sarcoma of the 
soft tissue), and adamantinoma of the long 
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bones (a variety of tumor which does not metas- 
tasize much but has a marked tendency to recur 
locally). 

Although the various X-ray examinations 
may point in the right direction, only a biopsy 
together with a cytogenetic study allows a reli- 
able diagnosis to be made and therefore to guide 
the treatment. 

Pre-therapeutic Inventory 

Inventory 

Loco-regional 

Clinical examination only allows a rough evalu- 
ation of the tumor. Standard X-rays underesti- 
mate the extent of the lesion, not only in the 
bone but also its spread to the soft tissue. Bone 
scintigraphy is sometimes more precise; it also 
reveals any satellite tumoral nodules. However, 
computerized tomography and magnetic reso- 
nance imaging in particular clarify the extent of 
the tumor. Both inside and outside the bone 
these two examinations are useful because 
they often provide additional information. The 
aim of other investigations, and in particular 
angiography, is to provide us with information 
on the vascularization of the lesion and on how 
it relates to the main vessels, therefore enabling 
the surgeon to select the most suitable operat- 
ing technique. 

Metastatic Spread 

There is no point in systematically searching 
for ganglionic metastases because they rarely 
occur. On the other hand, secondary pulmonary 
and bone lesions must be searched for. The 
standard chest X-ray is insufficient, and a CT 
scan therefore has to be performed in order 
to diagnose small lesions. Bone scintigraphy 
with Technetium allows any bone metastases 
to be found. For Ewing’s sarcomas, myelo- 
grams are carried out systematically to look 
for any medullary invasion. Other visceral 
lesions only occur in exceptional cases and 
therefore do not require systematic paraclinical 
examination. 



Classification 

The TNM classification is not suitable for 
primitive malignant bone tumors. At present 
there is no satisfactory prognostic classifica- 
tion which can be used routinely. However, it 
is possible to define a number of prognostic 
factors: 

the size of the tumor linked to the prognosis, 
with a worse prognosis for tumors 10 cm in 
diameter or larger. 

Soft-tissue involvement would also have a worse 
prognosis but this is so frequent that such a 
criterion would be of little value. 

Osteosarcomas secondary to Paget’s disease or 
radiation-induced have a less favorable course 
than others. 

For Ewing’s sarcomas the LDH levels would 
have a prognostic value. 

However, the main factor determining survival 
is, of course, the response to the treatment. 

Treatment 

Method 

Surgery 
Radical Surgery 

This is, in fact, amputation of a limb. This has 
to be performed leaving a safety margin of a 
few centimeters. Sometimes, in cases where the 
proximal part of the limb is affected, the only 
possible procedure is the complete disarticula- 
tion of the limb concerned, which of course 
makes the functional prognosis even worse. 
Nowadays, with the progress made in surgical 
techniques and the contribution made by induc- 
tion chemotherapy, the indications for these 
methods are becoming fewer and fewer. 

Conservative Surgery 

This technique has been used successfully in 
40-80% of cases depending on the series. Its 
success depends on close interdisciplinary co- 
ordination and strict pre-therapeutic evalua- 
tion. This surgery takes place in three stages: 




358 



Biomechanics and Biomaterials in Orthopedics 



resection of the tumor has to adhere strictly to 
the rules of oncological surgery in order to limit 
the risks of a relapse: excision of the whole of the 
lesion takes place in a single piece with a safety 
margin of 6-7 cm above the scanographical 
limit of the involvement in the bone. This resec- 
tion also includes the muscles adjacent to the 
extraosseous spread. The part operated on has to 
include the earlier biopsy sites as well as all the 
potentially contaminated tissues. The joint and 
the adjacent articular capsule are also resected. 

It is then necessary to reconstruct the bone 
defect, the average length of which often reaches 
15-20 cm. Three main methods can be used: 

the implantation of a prosthesis, 

bone “graft” from a bone bank, 

arthrodesis. 

The choice of technique is decided on a case-by- 
case basis by the surgeon. The operation ends by 
transposing the muscles and soft tissue. Indeed, 
adequate muscle and skin cover of the operat- 
ing area significantly reduces postoperative 
morbidity. 

Radiotherapy 

The indications for radiotherapy vary consider- 
ably according to the histological type. Osteosar- 
comas are tumors which respond very little to 
radiotherapy. The doses needed to obtain an 
acceptable level of sterilization are greater than 
or equal to 80 Gy and are the source of major 
complications. This is why radiotherapy is only 
used in totally exceptional or palliative cases. 

On the other hand, 80-90% of cases of Ewing’s 
sarcoma can be cured by radiotherapy if a dose 
of 60-65 Gy can be delivered to the whole of 
the primary tumor. Lower doses (40-45 Gy) are 
adequate for sterilizing micrometastases or very 
small postoperative residual lesions. 

A rigorous technique with anticipatory 
dosimetry is necessary in order to limit the risk 
of complications. 

Chemotherapy 

There is no doubt that, by enabling the disease 
in general to be treated, chemotherapy has 
improved the prognosis of these tumors. 
Indeed, before this treatment was available, the 



vast majority of these patients (80-90%) died 
from metastases in the two years following 
satisfactory local treatment. 

The methods are to be adapted according to 
the following histological types. 

Osteosarcoma 

The products used in the treatment of osteo- 
sarcomas are the following: 

high-dose methotrexate (MTX HD): combines 
hyperhydration with alkalination followed by 
injections of folinic acid. At standard doses, 
methotrexate is not at all effective. Very high 
doses (of the order of 8-10 g/m^) are necessary. 
These doses are potentially lethal or likely to 
lead to major and, in particular, renal complica- 
tions. Ideally, “drugs have to be prescribed at 
plasma doses making it possible to adapt their 
dosages”. In all cases, very strict rules of hydra- 
tion and alkalination have to be adhered to. 

“BCD” combination (bleomycin) cyclophos- 
phamide, actinomycin D) - adriamycin and 
other anthracyclines. 

Iphosphamide, in association with uromitexan 
and sufficient hydration to limit the risk of 
hemorrhaging. 

CDDP. 

Ewing's Sarcoma 

Drugs which are effective in the treatment of 
Ewing’s sarcomas are: 

anthracyclines, 

VAC-type combinations (vincristine, actino- 
mycin O, endoxan). 

Bleomycin, 

Methotrexate, 

IVA combinations (Iphosphamide, vincristine, 
actinomycin), IVAD combinations (iphos- 
phamide, vincristine, adriamycin). This type of 
protocol is nevertheless responsible for consid- 
erable toxicity which limits the indications for it. 

Indications 

Osteosarcomas 

The first phase of the treatment consists of pre- 
operative chemotherapy, starting as soon as the 
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result of the biopsy is obtained, and consists of 
courses of treatment with high-dose methotrex- 
ate. The patient is then operated on. Whenever 
possible, conservative surgery is performed. 
Nevertheless, there are certain contra- 
indications to this maneuver: major neuro- 
muscular invasion, pathological fracture, poor 
diagnostic biopsy technique, local infection. 

The subsequent chemotherapy methods are 
decided according to the response to the treat- 
ment, evaluated on clinical, radiographic, 
and particularly anatomopathological criteria. 
When the response is good, the same type of 
treatment is continued. If not, the prescription 
is changed to other potentially effective drugs. 
Chemotherapy lasts approximately nine months 
in all. Any delay in the progress of the treatment 
has to be avoided as much as possible, in par- 
ticular by prescribing hematopoietic growth 
factors. 

Special Case 

Pulmonary metastases, whether they appear 
first or particularly late, can justify an aggres- 
sive approach if the primary tumor is under 
control: heavy chemotherapy followed by 
metastasectomy and resuming chemotherapy 
according to the response to the treatment. This 
is often necessary if survival is to be prolonged. 

Tumors which cannot be eradicated; the treat- 
ment combines chemotherapy with irradiation, 
the dose of which takes account of the adjacent 
critical organs (50-75 Gy according to the case). 

Tumors in elderly subjects are often osteosarco- 
mas for which a risk factor is found (Paget’s 
disease, irradiation, professional exposure, etc.). 
The treatment, in particular chemotherapy, has 
to be adjusted according to age, the patient’s 
general condition and predisposition. 

Ewing's Sarcoma 

In terms of the treatment plan, the treatment 
resembles that for osteosarcoma: the local treat- 
ment is incorporated into the overall strategy, 
which starts with induction chemotherapy, gen- 
erally including an anthracycline and a VAC- 
type combination administered with the dual 
aim of reducing the tumoral mass and eradicat- 
ing the micrometastases. 



Surgery and radiotherapy are generally 
accompanied by local treatment. Indeed, 
surgery alone is often not enough to guarantee 
satisfactory local control. On the other hand, 
irradiation alone requires doses of the order 
of 60-65 Gy, which is sometimes a source of 
major complications, particularly in children on 
account of the growth problems that it causes. 
Furthermore, the level of local recurrence after 
irradiation remains high (approximately 20%) 
in spite of chemotherapy. These considerations 
lead to proposing a combination of radio- 
therapy and surgery in a number of cases. 

Local treatment is followed by a resumption 
of chemotherapy. Other chemotherapy proto- 
cols based on taking cyclophosphamide orally 
together with other active drugs make it pos- 
sible to obtain equivalent survival at the price 
of often less toxicity. The place of intensive 
chemotherapy with bone marrow autografts is 
not clearly defined. Metastatic Ewing’s sarcomas 
are caused by systemic chemotherapy. There are 
fewer indications for metastasectomy than there 
are for the osteosarcomas. In cases of complete 
remission, the subsequent therapeutic strategy 
is the same as in non-metastatic patients. 

Course and Monitoring 

Osteosarcoma 

Nowadays, owing to chemotherapy, the survival 
rate from osteosarcomas is approximately 50% 
at five years. Most of the relapses occur within 
two years but just as survival is being prolonged, 
there are also cases of late relapses sometimes 
after eight to ten years. 

Metastatic tumors are mostly fatal even if 
prolonged remissions can sometimes be ob- 
tained. Monitoring therefore has to be particu- 
larly close in the first years but also has to be 
prolonged. Apart from a careful clinical exami- 
nation, it also has to include X-rays and a CT 
scan or MRI examination of the affected region 
as well as bone scintigraphy and a chest scan to 
detect secondary lesions. 

Ewing's Sarcoma 

In spite of all these improvements in therapeu- 
tic techniques, the overall results have hardly 




360 



Biomechanics and Biomaterials in Orthopedics 



progressed these last few years. Survival without 
a relapse is estimated at 60% at three years and 
overall survival at 70% at three years. The course 
can be complicated by the occurrence of an 
osteosarcoma in the area irradiated. In metasta- 
tic patients survival rates of more than 50% have 
been reported after remission and rigorous 
loco-regional treatment. The practical methods 
of chemical and paraclinical monitoring are 
comparable to those for osteosarcoma. 

Conclusion 

Primitive bone tumors are rare conditions but 
mainly affect young people. Up until the 1970s, 
their prognosis was complicated by the appear- 
ance of metastases in the vast majority of cases, 
but they have largely benefited from advances 
in chemotherapy. However, only close multi- 
disciplinary collaboration makes it possible to 
define a suitable therapeutic strategy for each 
patient, to optimize the diagnosis, the treat- 
ment, and the subsequent monitoring and hence 
to increase the chances of a cure. 

Therapeutic Orientation in 
Osteogenic Sarcomas 

For a long time the treatment of osteogenic 
sarcoma has been concerned solely with the 
local bone lesion which has either been im- 
mediately surgically excised, or has been irra- 
diated following an amputation which has been 
delayed in principle or due to necessity. A 
successful outcome at five years of 20% is 
equivalent with these two methods of treatment 
and, from the functional point of view, although 
local irradiation allows unnecessary mutilations 
to be avoided in subjects who are going to die 
due to the development of pulmonary metas- 
tases, it should be recognized that its insuffi- 
ciencies and sequelae lead, except in rare 
exceptional cases, to patients who have been 
cured nevertheless having to undergo an ampu- 
tation at a later stage. 

A better understanding of the factors which 
affect the prognosis of osteogenic sarcomas has 



to guide the treatment. From this point of view, 
the problem of pulmonary metastases domi- 
nates that of the bone lesion, and osteogenic 
sarcoma could be considered to be a lung dis- 
order, in the history of which there is a bone 
lesion, since death is due to the development of 
the metastases even though the bone lesion has 
been removed or could be if its existence had 
not become contingent from the prognostic 
point of view. 

Lung metastases are present in 98% of 
patients followed up until their death. The date 
they appear is known exactly due to the obser- 
vations made in important series: 

85% appear in the first two years, 

after eighteen months only 30% of the patients 
are clear. 

But it is necessary to distinguish the develop- 
ment of the metastases linked to an anatomical 
development which makes it possible to diag- 
nose them and their much earlier presence since 
the calculation, according to the time of dupli- 
cation, leads us to think that they already exist 
in 60-80% of cases at the time when the bone 
lesion is diagnosed. This idea of an impercep- 
tible disease, upon which the prognosis ulti- 
mately depends, is the main element in deciding 
which of the current treatments to adopt. It 
allows us to target the treatment in a logical and 
effective way since it is here that the right or 
wrong decision is taken. All the more so as many 
arguments lead us to believe that these lung 
metastases always occur in osteogenic sarcoma 
and that even the cures seen with traditional 
treatments limited to local action on the bone 
lesion, are only due to the “failure” of these 
metastases because of the spontaneous role of 
the natural immune defenses. 

The role played by immune reactions, which 
Tavernier suspected without naming them, is 
based today on the knowledge acquired in 
the area of virology, cyto-carcinogenesis, and 
immunology. We know that osteogenic sarco- 
mas, and certainly other conjunctive sarcomas, 
are viral in origin (but also that other associated 
conditions are necessary for oncogenesis). We 
know that it is the integration or transcription 
of the viral genome in the tumor cells which is 
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the foreign antigenic element responsible for 
immune responses involving rejection, due 
to the involvement of specific tumor or cell- 
mediated antibodies. We also know that the 
cytolytic potency of these immune reactions is 
weak, without possible action on a large bone 
tumor or large metastasis but that it is perhaps 



decisive at the stage when lung metastases 
cannot be seen. 

After a long, disappointing time, chemo- 
therapy for osteogenic sarcomas seems to have 
entered a phase of spectacular progress owing 
to the products used (high-dose methotrexate, 
adriamycin). 




36 Long Bone Metastasis 
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Introduction 

Malignant metastatic tumors are the most 
common bone neoplasms. The skeleton is often 
affected by metastasic cancer, and the discovery 
of a long-bone metastasis may be the first 
symptom of the primary disease. Nearly every 
malignant neoplasm has been described as 
having the capability to metastasize to bone; 
tumors of breast, prostate, thyroid, lung, and 
kidney are the most common bone-seeking 
malignant lesions, and between 50 and 85% of 
affected patients will have bone metastasis at 
one point of their disease [1,2,3]. Breast and 
prostate cancer alone account for more than 
80% of metastasic bone disease. The capacity of 
the neoplastic cells to invade bone is related to 
the histology and to the aggressiveness of the 
primary tumor. The axial skeleton is where the 
red marrow is situated in adults, and this 
pattern of distribution suggests that physical 
properties of the circulation within the bone 
marrow could assist in the development of bone 
metastasis. The outcome of metastasis depends 
on multiple interactions of metastatic cells with 
homeostatic mechanisms which the tumor cells 
usurp. The dissemination of cancer cells to vital 
organs results in eventual multisystem failure 
and death. 

Pathologic fractures are a relatively late com- 
plication of bone involvement. Prostate metas- 
tases are usually sclerotic lesions, and as such 
pathologic fractures are less common than litic 
breast metastases. Pathologic fractures are 
devastating complications of metastatic disease; 
these lesions are associated with considerable 
morbidity, which includes: unbearable pain, 
impaired mobility, pathologic fractures, and 
bone marrow infiltration. 



With the advent of improved medical thera- 
pies for many types of cancer, life expectancy 
has dramatically improved in the last two 
decades, making the orthopedic surgeon more 
often involved with patient care. This increased 
patient survival has also driven us to a more 
aggressive management of patients with bone 
metastasis. It is estimated that 40% of patients 
with pathologic fractures survive for at least six 
months after their fracture, and 30% survive for 
more than one year. 

Patient median survival after the first recur- 
rence of carcinoma in patients without extra- 
osseous sites at the time of diagnosis is 
approximately 20 months, and it varies accord- 
ing to the primary cancer type: breast 25, 
prostate 40, thyroid 48, kidney 12, and lung 4 
months. Bone metastasis refractory to radiation 
and chemotherapy has a shorter life expectancy. 

Metastasic destruction of bone reduces its 
load-bearing capabilities, resulting initially in 
trabecular disruption and microfractures, and 
subsequently in total loss of bone integrity 
and pathologic fracture. Clinical trial with 
bisphosphonates [4] have proved to inhibit 
tumor-induced bone resorption, correct hyper- 
calcemia, reduce pain, and diminish the devel- 
opment of new osteolitic lesions and fractures; 
all leading to potential improvements in quality 
of life. Even though clinical trials with bisphos- 
phonates in patients with multiple myeloma 
and breast cancer seem promising, no long- 
term efficacy of these drugs has yet been 
proved. 

The probability of developing a pathological 
fracture increases with the duration of the 
disease, and as such they tend to occur more 
often in tumors with relatively good prognosis. 
Pathologic fractures have been reported to 
occur in 9-29% of patients who have bone 
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metastasis. The indications for prophylactic fix- 
ation have not been standardized, and will vary 
according to the size of the lesion, the anatomic 
location, the bone involved (weight-bearing vs. 
non-weight-bearing long bones), roentgeno- 
graphic appearance, and the primary tumor 
(lung and kidney have a higher incidence of 
fracture than prostate and breast). There are no 
biomechanical studies that relate the size and 
shape of bone defects to the reduction in struc- 
tural strength in pathologic bone. The most 
common indications for fixation on impending 
pathological fractures are increasing pain and 
cortical destruction (pain is thought to be due 
to microfractures or to stretching of the perios- 
teum by the increasing tumor size). Sim [2] rec- 
ommends prophylactic fixation in well-defined 
lytic lesions that are more than 3 cm in diame- 
ter and in which 50% or more of the cortex is 
destroyed. He also considers pain refractory to 
radiotherapy an indication for fixation. Mirels 
[5] developed a scoring system for assessing 
the risks of pathologic fractures in long bones 
which takes into account: lesion type, size, site, 
and associated pain. Even though there is no 
accurate way to predict the risk of fracture; we 
have found this scoring system useful. With 
better and earlier diagnosis and with advances 
and less aggressive surgical techniques and pro- 
cedures of internal fixation, we are recommend- 
ing prophylactic fixation in more cases, with 
smaller lytic lesions. It is technically easier, and 
with less morbidity, to stabilize a pathologic 
bone before it fractures. 

The goal of treatment is to prevent bone frac- 
ture, and to provide immediate and definitive 
pain-free usage of the limb so as to preserve 
function and to improve quality of life. We have 
to aim at bringing back the patient to the pre- 
fracture state; early mobilization and ambula- 
tion will ease nursing care, and will shorten 
hospital stay (realizing life expectancy is short). 
Relief of pain is also an important goal. Achiev- 
ing these goals will cause a positive psycholog- 
ical and emotional effect on the patient and 
their families. This stimulates a more aggressive 
approach to the management of these patients. 

The management of long-bone metastasis 
varies according to the patient’s general condi- 
tions, the location of the lesion, the extent of 



bone compromise, and the primary bone tumor. 
A complete medical examination in order to 
evaluate the patient’s general condition is very 
important before deciding the definitive man- 
agement; surgery in general is safe in this group 
of seriously ill patients. The location of the 
metastasis, the extent of bone destruction, and 
the histologic appearance are also important 
considerations, and will help decide the type of 
fixation to be used. Since the estimated length of 
survival can not be accurately established in this 
lesion, we do not believe it should be taken into 
account in deciding the treatment; most of these 
patients will benefit from surgical treatment. 

Biomechanical Considerations 

Recognized biomechanical principles used for 
fracture reduction and stabilization in normal 
bone do not apply to pathological fractures. 
In metastatic fractures due to the slow healing 
capacity of bone, the implants will have to 
assume a load-bearing role for an extended 
period of time; this will lead to implant failure 
if conventional implant fixation techniques are 
used, consequently different biomechanical 
guidelines should be applied in the treatment of 
pathological fractures. 

Invasion of metastatic cells in long bones will 
alter the mechanical properties of bone tissue, 
reducing the ability of the involved bone to 
carry ordinary functional loads, which will end 
in failure and fracture. Bone weakness caused by 
metastatic lesions is generally more extensive 
than is evident in X-rays, and will decrease 
screw or intramedullary nail fixation purchase 
and strength. Fifty percent of the mineral phase 
must be resorbed before change is evident in 
X-rays. 

The surgical management should provide 
enough stability to allow immediate, full weight 
bearing. We have to keep in mind that the 
treatment of these tumors is palliative and not 
curative (oncologic). Surgical techniques for 
stabilizing pathologic or impending fractures 
must be individualized for the area of involve- 
ment, the quality of bone, and the potential for 
involvement of adjacent soft-tissue structures. 
Even though the biomechanical properties are 
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different, implant devices used for pathological 
fracture fixation are similar to those used in 
regular fracture management, and include open 
reduction and internal fixation with plates and 
screws or endomedullary nails, arthroplasty, 
allograft plus internal fixation, tumor resection 
plus segmental bone spacers, and amputations. 
Fixation devices must be chosen with the under- 
standing that bone union will be delayed or 
never achieved; in addition, most of these 
patients are not strong enough to restrain them- 
selves from weight bearing. Due to these two 
factors the implant should be sufficiently strong 
to give the patient a definitive, functional, pain- 
less limb. The implant chosen will be the one 
that provides the best fracture stability under 
the individual circumstance. Ninety- six percent 
of patients will achieve a good or excellent pain 
control after adequate fixation of long-bone 
metastasis [6]. 

Since allograft replacements have yielded 
poor results, in cases of tumor patients where 
immediate, pain-free weight bearing is the goal 
of treatment, this treatment modality has been 
abandoned for long-bone metastasis. 

Numerous authors [2,7] have proved the 
advantages of using methylmethacrylate to 
augment the fixation. The technique recom- 
mended for diaphysis plating augmented with 
cement, consists of: 

Tumor curettage. 

Cement insertion. 

Wait for the cement to harden. 

Drill and tap through the cement as in normal 
bone. 

We do not recommend waiting until cement 
hardening in cases of insertion of a compression 
screw (DHS or DCS) nor in cases where an 
endomedullary nail has to be introduced. Care 
should be taken to avoid interpositioning 
cement between fragments in order to allow 
fracture healing (Figure 36.1). 

The use of methylmethacrylate to reconsti- 
tute large bone defects permits most patients to 
bear weight immediately. Methylmethacrylate 
maintains excellent rigidity, especially when 
compressive load is applied, and is not adversely 
affected by radiation or by antibiotics. Since the 




Figure 36.1. Internal fixation augmented with methylmetacrilate, 
one year postoperative; breast cancer. 



infection rate in these patients is high due to 
postoperative radiation or to the non-optimal 
medical general condition, some authors 
advocate the use of cement impregnated with 
antibiotics. Even though the effectiveness of 
the insertion of chemotherapeutic agents into 
methylmethacrylate is still to be defined, the 
addition of an antiblastic drug to the acrylic 
cement may provide sterilization of the residual 
tumor cells by the local slow and prolonged 
release of the drug. This technique, along with 
current anti-mitotic therapy, may provide better 
local control of the neoplasic lesion. 

Wedin et al. [8], in a retrospective study of 
228 metastatic lesions of long bones treated 
by resection and reconstruction, intralesional 
curettage, or stabilization only, found a local 
failure rate of 11%, and the median time to 
failure was eight months. Local failure was more 
common in lesion of the femur diaphysis and 
distal femur (20%), and in kidney cancer (24%). 
Osteosynthesis had a failure rate of 14% while 
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endoprosthesis only 2% ( in proximal femur 
lesions). The most important risk factor for 
failure was long survival rate. 

We favor postoperative rather than preopera- 
tive radiation therapy whenever it is likely that 
internal fixation will be needed. Postoperative 
radiotherapy will decrease the risk of local 
tumor progression but adversely influences 
union in the absence of rigid internal fixation 
[9]. 

Even though surgical stabilization of these 
lesions is usually indicated, it is not without 
risks. Thromboembolic complications as well 
as wound infection risks are higher in these 
patients. Local as well as systemic dissemination 
of tumor cells after internal fixation has been 
proved by Peltier et al. [10]. The importance of 
the spread of tumor cells along the tract of an 
intramedullary rod has not outweighed the 
advantages of this operation. Patients who have 
a highly vascular lesion, such as metastatic renal 
carcinoma (hypernephroma), may present a 
unique problem of uncontrollable bleeding, and 
should be treated with arterial embolization 
before surgery to decrease intraoperative 
complications. 

Nonunion occurs in a high proportion of 
patients who undergo conventional doses of 
radiation, but most pathological fractures fixed 
with adequate internal fixation will heal despite 
adjuvant radiotherapy. 

Amputation has few indications in bone 
metastasis; tumor fungation and infection 
(common in neglected primary bone tumors) 
as well as arterial occlusion are rare findings. 
Amputation is indicated in patients in whom 
surgical and radiotherapy treatments have 
failed to alleviate the pain in a functionless 
extremity, as well as in tumors with significant 
soft tissue or neurovascular involvement. 

Femur 

The femur is the most frequently affected long 
bone by metastasis. Approximately 50% of these 
lesions affect the proximal femur [11]. The aim 
of treatment is to obtain a painless limb, and to 
return the patient to his premorbid state. The 
decision whether to operate or not depends on 



the tumor type, location, size, and the patient’s 
general condition. Non-operative treatment for 
pathological or impending pathological femur 
fractures will be recommended only in patients 
who are not expected to survive a surgical 
insult, and treatment will consist of radiation, 
pain medication, and immobilization. 

Surgical treatment is indicated in most 
pathological or impending femur fractures. It 
should provide stable definitive fixation, and 
should allow immediate weight bearing. Unlike 
primary lesions, in metastatic lesions a complete 
tumor resection is not necessary. 

Femoral Head and Neck 

Due to the high stresses on the proximal femur 
as well as the low healing potential, replace- 
ment arthroplasty is usually recommended 
[7,11,12,13,14]. Careful examination of the 
acetabulum should be done in these patients; 
the choice of hemiarthroplasty versus THA will 
be given by the involvement of the acetabulum. 
Commonly, a long- stem femoral component 
will be used to prophylactically reinforce the 
remaining proximal femur. Arthroplasties are 
always cemented. Even though prosthetic 
complications after tumor resections include a 
higher incidence of infections and disloca- 
tions, reconstruction based on endoprosthetic 
replacements as opposed to osteosynthetic 
devices is safer, and is associated with pro- 
nounced better results than osteosynthetic 
devices. Endoprostheses are not dependent in 
fracture healing, which is often poor in patients 
with cancer because of systemic and local 
factors. 

Internal fixation in this location has resulted 
in high failure rates (14-40%), and so is usually 
avoided; common reasons for failure include: 
poor initial fixation, improper implant selec- 
tion, and progression of the disease within the 
operative field [8,15] (Figure 36.2). 

Intertrochanteric Fractures 

The treatment varies according to the involve- 
ment of the medial cortical bone (lytic lesions 
that occur in the region of the lesser trochanter 
are particularly prone to fracture); if this is nil 
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Figure 36.2. Peri-implant fracture in pathologic bone. 



or minimal we prefer ORIF with a compression 
screw or 95° blade plate, always augmented with 
cement. In order to prevent the screw cutting 
out of the femoral head, a lateral window should 
be opened in the lateral cortex, metastatic 
bone removed from the neck of the femur, 
liquid cement introduced in the defect, and the 
compression screw placed before the cement 
hardens. The same technique is done when the 
screws are placed in the proximal femur diaph- 
ysis. From a biomechanical point of view, 
cephalomedullary (load-sharing) devices have 
proved to have some advantages over DHS since 
a more medial placement closer to the com- 
pression side of the femur and away from the 
lateral tension side is achieved; also, these 
implants will prophylactically stabilize the rest 
of the bone, making it more durable. 

If the calcar is involved significantly by bone 
metastasis, or in cases in which internal fixation 
has failed, or will not achieve a stable fixation 



due to tumor extension, a cemented, long- stem 
calcar replacement prosthesis is recommended. 

Subtrochanteric Fractures 

Cephalomedullary devices (long gamma nails) 
are the treatment of choice for most of these 
lesions. Cement augmentation is usually not 
necessary since the biomechanical properties of 
these implants will give stable internal fixation 
that will allow immediate weight bearing. These 
implants will also address the whole bone in 
case intracompartment spread of the tumor 
occurs. The largest nail possible should be used 
to fill the femoral canal. When the proximal 
femur has been weakened in such a way by 
metastatic disease that a reconstruction nail is 
unable to provide stable fixation, or when pre- 
vious fixation has failed, a cemented megapros- 
thesis is indicated. 

Diaphyseal Fractures 

The use of 4.5 mm dynamic compression plates 
with cement augmentation for these injuries has 
practically been abandoned because of the good 
results obtained with conventional closed, and 
locked intramedullary nailing (Figure 36.3). The 
surgical technique is less invasive and, as pre- 
viously stated, these implants will protect the 
long bone in case bone disease progresses. 
Cephalomedullary devices [19] are recom- 
mended when tumor progression is suspected 
(Figure 36.4). Osteosynthetic implants are load 
sharing and ultimately will fail if the bone does 
not heal. 

Supracondylar Fractures 

This is a less-frequent site of femur metastasis, 
and the most technically demanding to treat. 
These are the fractures with the highest 
reported failure rate postoperatively [8,15]. If 
there is sufficient bone stock, conventional 
dynamic compression screw/plate devices 
(DCS) augmented with cement are usually rec- 
ommended. Distal femoral replacement arthro- 
plasty is also a viable option in lesions with 
massive destruction of femoral condyles. 
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Figure 36.3. a Impending pathologic femur fracture, b Preventive 
reamed, thick, locked intramedullary nail. 



Humerus 

The humerus is the second most common long 
bone affected by tumor metastasis. Complete 
fracture is more common in the humerus than 
in the femur or tibia; since the humerus is a non- 
weight-bearing bone, the patient does not expe- 
rience load-related pain suggestive of fatigue 
before the bone actually fractures. 

The treatment of these lesions should aim 
to restore the patient’s function and to relieve 
pain. Conservative treatment of pathological 
or impending pathological fractures of the 
humerus has a more active role than it does in 
weight-bearing bones. Even though each patient 
has to be individually planned, radiation 
therapy plus bracing will relieve pain, and might 
serve as definitive treatment in some terminally 
ill patients [2]. Overall analysis has shown few 
satisfactory results in patients treated nonoper- 
atively for humeral fractures [17]. 

When bone destruction is so extensive that 
stability can not be achieved by other methods, 
surgical treatment is indicated. 

Proximal Humerus 

Metastasis can be treated conservatively; radio- 
therapy usually achieves a good degree of pain 
control and an acceptable degree of function. 
In cases where conservative treatment has 
failed, shoulder resection arthroplasty is re- 
commended. Although the range of motion is 
usually diminished, endoprosthetic replace- 
ment of the proximal humerus provides stabil- 
ity and a predictable and reliable method of 
reconstruction of the upper limb. 

Diaphysis 

If the patient’s general condition allows, most 
diaphysis pathological fractures should be sta- 
bilized, particularly in patients who need their 
upper extremities for ambulation (crutches, 
cane). The implant of choice is an antegrade or 
retrograde locked humeral nail (depending on 
the fracture site and surgeon’s preference). Even 
though augmentation with cement is usually 
not necessary, the indication of an open tech- 
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Figure 36.4. a Impending pathologic femoral neck fracture, b mid femur diaphysis.c distal femur diaphysis.d Preventive cephalomedullary device; 
18 months postoperative. 
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Figure 36.5. a Pathologic humerus fracture secondary to thyroid neoplasm, b One year postoperative; closed endomedulary nail. 



nique with tumor curettage and cement aug- 
mentation is a viable option in some lesions. 
The nail not only stabilizes the fracture, but also 
acts as prophylactic stabilizer in case of tumor 
spreading in the humerus (Figure 36.5). 

Even though open reduction and internal fix- 
ation with plates and screws augmented with 
cement is advocated by some centers, the bone 
quality is usually compromised and the screw 
purchase is poor; this technique has been 
replaced by the use of closed endomedullary 
nails [6,7,15]. 

Tumor resection plus humerus shortening 
and internal fixation is a viable option when a 



large segment of bone has been destroyed by the 
lesion. 

Distal Humerus 

Metastases are rare and difficult to treat; unfor- 
tunately these lesions do not respond to radio- 
therapy as well as the proximal humerus does. 
Three options are available for surgical stabi- 
lization, and include: a) Tumor removal plus 
fixation with plates and screws augmented with 
cement (Figure 36.6), b) tumor removal plus 
fixation with elastic endomedullary nails aug- 
mented with cement, or c) elbow arthroplasty. 
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Figure 36.6. a Supracondilar extra-articular pathologic elbow fracture, b Combined surgical technique. 



Even though from the biomechanical point of 
view the dual plating technique with two 3.5 mm 
reconstruction plates at 90° to each other is the 
most stable construct in nonpathological frac- 
tures, the poor quality of bone as well as the 
protection of the rest of the bone in case of 
tumor progression has made the use of elastic 
endomedullary nails and cement through a pos- 
terior approach the treatment of choice. In cases 
with important joint infiltration that have failed 
radiation therapy, a cemented elbow arthro- 
plasty is the last option before amputation. 
Morrey et al. [16] reported good results in 13 
prosthetic replacements for elbow tumors, six 
of which were metastatic lesions in the distal 
humerus. 



Tibia 

The tibia is not frequently involved in metasta- 
tic disease, and if it does, it is during the very 
end stage of the disease. Lung carcinoma is the 
most frequent primary tumor. Unlike the femur, 
the tibia can be adequately treated conserva- 
tively by radiotherapy plus bracing (PTB). 

Surgical Treatment 

Proximal Tibia 

This is the most common site of litic lesions in 
the tibia. Tumor curettage plus internal fixation 
with plates and screws augmented with cement 
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Figure 36.7. a,b 
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is an excellent option when there is no joint 
involvement. Tumor resection followed by 
arthroplasty is recommended in patients with 
tumor joint involvement as well as in tumor 
recurrence after previous surgical treatment. 
Preservation of the extensor mechanism is the 
most common problem encountered with this 
technique. 

Diaphysis 

These lesions have more effect on the mechani- 
cal strength of the bone. The use of tumor curet- 
tage plus cement, plus fixation with plates and 
screws is a viable option in isolated lesions with 
good surrounding bone, in more diffuse lesions 
the indication of an endomedullary nail is pre- 
ferred (Figure 36.7). Unlike mid-shaft femur, 
we believe that the stabilization should be aug- 
mented with cement either injected through the 
reamed medullary canal, or by curettage and 
cement packing through an open technique. 

Distal Tibia 

Very few reports of distal tibia metastasis have 
been published. The principles of distal tibia 
metaphisis treatment are the same as for the 
proximal tibia, and includes curettage plus 
cement and internal fixation. 

Amputation is an indication that must be 
remembered in metastatic cases with large joint 
involvement of either the knee or ankle. 



Radius and Ulna 

Metastases of the forearm bones are very rare; 
only 0.4% of all metastatic bone lesions occur in 
the radius, and 0.2% occur in the ulna [18]. The 
most common primary origin is lung neoplasm; 
in general, intramedullary nailing is the recom- 
mended treatment for most diaphyseal lesions. 
Tension band techniques may be helpful in 
repairing proximal ulnar lesions; if sufficient 
bone is present, plating and augmentation with 
methylmethacrylate can be used. Partial resec- 
tion with shortening plus plate fixation could be 
an alternative if it does not produce an impor- 
tant functional deficit. 




Figure 36.8. Clavicule resection; renal cell carcinoma. 



Something similar occurs with the clavicle 
and fibula, and distal ulna; in many cases resec- 
tion of the metastasis is recommended. Resec- 
tion surgery is used in patients considered to 
have a good prognosis for long survival; mostly 
patients with kidney cancer with limited 
metastatic disease (Figure 36.8). 



Summary 

Although the clinical presentation may vary 
according to the patient, the tumor, and location 
of the metastasis, the following surgical treat- 
ment guidelines are recommended: 1) cemented 
prosthesis in proximal femur and humeral head 
fractures; 2) locked intramedullary nails for 
femur, humerus, tibia, and forearm diaphysis; 3) 
in other locations (proximal and distal metaph- 
ysis of long bones), combined osteosynthetic 
devices with cement; 4) wide resection in 
patients with long life expectancy. 

Successful operative treatment is a feasible 
option in most pathological or impending frac- 
tures, and depends on achieving a rigid and 
durable fixation with either internal fixation 
or prosthetic devices. Postoperative adjuvant 
radiotherapy is indicated in most patients to 
minimize disease progression and possible 
implant failure. 
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37 Rebuilding and Prostheses in the Event of 
Periacetabular Tumors 

R. Kotz and E. Schwameis 



Surgical treatment of primary malignant peri- 
acetabular tumors is one of the most difficult 
orthopedic surgeries. Tumor resection always 
leads to significant instability of the affected 
extremity. Attempting wide resection margins, 
the femoral head may not be saved in case of 
small malignant periacetabular tumors. In addi- 
tion, large pelvic defects lead to considerable 
shortening and instability of the leg, demanding 
functional amelioration. Limiting factors for 
limb salvage surgery are the vicinity of the 
ventral neurovascular bundle and the dorsal 
sciatic nerve. This often leads to neural palsies 
of the leg and to at least venous and lymphatic 
edema due to resection and replacement of 
vessels, both resulting in an impaired function 
of the hip joint. Considering wide resection 
margins associated with high complication 
rates and poor functional results, some sur- 
geons prefer hindquarter amputation in the case 
of large periacetabular tumors. However, since 
the introduction of sensitive imaging methods 
and new treatment modalities in chemotherapy 
leading to decreased local recurrence rates and 
to an increased survival, limb salvage surgery 
has almost replaced amputation. The increasing 
number of pelvic resections gives the orthope- 
dic surgeon complicated pelvic reconstructions 
[ 1 - 10 ]. 

From a biomechanical point of view, two 
main types of pelvic resection are of importance 
for patients with periacetabular tumors. Firstly 
type II resection according to Enneking, when 
the ilium can be preserved, and secondly, the 
more serious and more difficult type I and type 
II resection when the acetabulum and the ilium 
are resected. Whereas a support at the ilium is 
possible in the first case, partially with a saddle 
prosthesis or with special reconstruction of 



the acetabulum fixed at the ilium and sacrum, 
replacement of the pelvis by a pelvic prosthesis 
is necessary in the second case, especially when 
there is an additional type III resection. Many 
attempts have been made to reconstruct the 
continuity of the pelvis, however, the ideal pelvic 
prosthesis does not seem to have been devel- 
oped yet. All prostheses developed up until now 
do not provide an anatomic pelvic reconstruc- 
tion. Additionally, extensive soft tissue resection 
leads to insufficient coverage of these anatomic 
pelvic prostheses. For this reason different 
reconstructions, including a neoacetabulum 
serving as a support for a hip prosthesis, have 
been developed. Due to the extensive soft 
tissue resection and problems with soft tissue 
reconstruction, the possibility of a significant 
limp has to be taken into account and many 
patients have to use crutches for the rest of their 
lives. 

Oncological Procedures 

In order to guarantee surgical as well as onco- 
logic standards, meaning oncologically ade- 
quate resection margins and the best possible 
reconstruction of anatomic and functional con- 
ditions, it is recommended to limit treatment of 
patients with malignant periacetabular tumors 
to tumor centers experienced in complex pelvic 
resections and reconstructions. A preopera- 
tively established histologic diagnosis is manda- 
tory prior to definitive planning of surgery and 
further therapy. 

Diagnosis starts with determination of the 
clinical status of the patient including neuro- 
logic investigations. Imaging diagnostics are 
done using conventional radiography, magnetic 
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resonance tomography, scintigraphy, and occa- 
sionally computed tomography. 

Incisional or closed biopsy is performed 
aiming at resection of representative material 
enabling establishment of diagnosis. It is im- 
portant that the biopsy is performed in the inci- 
sion line of the planned tumor resection, and 
fine needle biopsy may require roentgenograms, 
computed tomography, or magnetic resonance 
tomography guidance. If fine needle biopsy does 
not allow definitive diagnosis, incisional biopsy 
is mandatory. Frozen sections should confirm 
diagnosis of malignancy before wound closure. 
All investigations including biopsy should be 
performed at a tumor center with highly quali- 
fied specialists familiar with the evaluation of 
bone and soft tissue sarcomas. 

In the case of diagnosis of a malignant tumor, 
additional preoperative diagnostic measures are 
necessary. For depiction of vessels, angiography 
and phlebography are recommended, which, 
however, may be replaced by magnetic reso- 
nance angiography. A preoperative intravenous 
pyelography as well as eventual cystoscopy is 
recommended in case of suspected affection of 
the adjacent urinary tract, and splinting of the 
ureter may be performed. 

Furthermore, preoperative gynecologic in- 
vestigation is recommended. In case of a sus- 
pected affection of the rectal wall, rectoscopy, 
sonography, or magnetic resonance imaging of 
the rectum is performed. 

Prior to setting up a therapeutic regimen, 
tumor staging including computed tomography 
of the lung and the abdomen, whole-body 
scintigraphy, and, optionally, positron emission 
tomography, are performed. 

Planning and Determination of 
Resection Type 

For planning of the resection, production of a 
pelvic model and, if indicated, production of 
a pelvic prosthesis, a three-dimensional com- 
puted tomography of the pelvis is performed. A 
pelvic model seems to be useful for preoperative 
planning of resection also in cases of tumors not 
intended for reconstruction with a custom- 
made prosthesis. 




Figure 37.1. Resection types according to Enneking and Dunham. 



The type of resection is determined preoper- 
atively according to Enneking and Dunham 
(Figure 37.1), a procedure enabling judgment of 
resectability of the tumor [11]. Tumor staging 
according to Enneking is based on histologic 
findings, extent of the tumor, and presence of 
metastases. Prior to surgery, planning of the 
necessary cooperation with colleagues from 
other specialties is indicated. Particularly in the 
case of large tumors, a nephrostomy, vessel 
and/or nerve reconstruction, partial resection 
of the urinary bladder, or enterectomy might be 
necessary and surgery must be planned care- 
fully in cooperation with all involved specialists. 

One day of abstinence of nutrition has to be 
observed prior to surgery. For adequate prepa- 
ration of the ileum and minimization of germs, 
retrograde rinsing of the ileum is performed 
twice on the day before surgery. An orthograde 
rinsing, a so-called washout, may also be done. 
Antibiotic therapy for prophylaxis of infection 
may be performed for two weeks or longer, 
depending on the clinical status of the patient 
and the parameters of inflammation. 

Resection of larger pelvic tumors and recon- 
struction of the defect requires the facilities of 
a large hospital and an experienced team of 
anesthesiologists. Standard monitoring includes 
measurement of the arterial blood pressure, 
pulse oximeter, temperature tube, central 
venous pressure, transesophageal echocardiog- 
raphy or a flow-directed catheter as well as 
frequent checks of fibrinolytic parameters. The 




376 



Biomechanics and Biomaterials in Orthopedics 



capacity of the blood bank has to be taken into 
account and a sufficient number of matching 
blood units has to be held at disposal. A Rapid 
Infusion System should the necessity for trans- 
fusion of a large number of blood units be 
required should be available within a short 
time. Also, a cava filter may be inserted pre- 
operatively; this is especially recommended in 
patients with a large intrapelvic soft tissue 
tumor portion, in patients with earlier radiation 
therapy, and especially in those endangered by 
thrombosis. 

Resectional Procedures 

The patient is placed in a lateral position on the 
contralateral side to allow anterior as well as 
posterior approached by forward and backward 
movement of the patient during the procedure. 
The typical type I resection of the ilium is per- 
formed if the proximal resection line is running 
along the iliosacral joint, whereas the distal 
one goes from the incisura ischiadica towards 
immediately below the spina iliaca anterior 
inferior. It is distinguished between resections 
maintaining the continuity of the pelvis, in most 
cases not requiring reconstruction (la), resec- 
tions interrupting the continuity of the pelvis 
requiring reconstruction for stabilization of the 
pelvic ring (Ib) and those cases in which also 
partial removal of the sacrum is performed 
additionally (Ic = type I and IV resection). The 
surgical approach for type I resections is a 
curved skin incision along the crista iliaca. 

The type II resection is a resection of the 
acetabulum between the spina iliaca anterior 
inferior and foramen obturatum distally. This 
procedure may only be performed in case of 
very small acetabular tumors or in case of 
tumors of the proximal femur affecting the 
hip joint and requiring joint resection. The 
approach is performed via a curved skin inci- 
sion over the crista iliaca towards dorsally and 
ventrally the neurovascular bundle towards 
distal. 

If a type III resection is performed addition- 
ally, the medial resection line goes through the 
symphysis. The anterior approach is performed 
via a transverse incision or from the spina iliaca 
superior via the vessels towards distally, when 



necessary, combined with a dorsal approach 
over the tuber ischiadicum or via a medial 
inguineal approach. 

Partial resection of the os sacrum corre- 
sponds to type IV resection and is applied in case 
of co-affection of the sacrum within a type I-IV 
resection. 

Type I-IV resection with subsequent recon- 
struction corresponds to internal hemipelvec- 
tomy. The ideal approach is a curved skin 
incision above the crista iliaca towards dorsally 
and further distally straight above the neu- 
rovascular bundle. In case of amputation, type 
I-IV resection corresponds to a hindquarter 
amputation. 

Reconstructive Procedures 

Reconstruction possibilities after periacetabu- 
lar resection include endoprosthetic replace- 
ment by saddle prosthesis, modular or 
custom-made endoprostheses, allograft or auto- 
claved autograft reconstruction, as well as 
iliofemoral or ischiofemoral arthrodesis. If no 
reconstruction is possible a fiail hip might be 
taken into consideration [12-16]. 

Allografts and autoclaved autografts [17-22] 
where a hip prosthesis is implanted match 
well the defect; however, they have high rates 
of infection and graft fractures and in many 
cases the implant fails and has to be removed 
afterwards. 

Iliofemoral arthrodesis^ only possible when 
the ilium or ischium and an acceptable bone 
stock for screw fixation can be maintained, has 
the disadvantage of a stiff hip joint and a short- 
ened limb. Problems may arise from a failed 
fusion at the small areas of osseous contact and 
50% of pseudarthrosis rates have been reported, 
which are often painless and stable without 
bony fusion. Ischiofemoral arthrodesis, 
arthrodesis between the proximal femur and the 
remaining ischium medially, may result in less 
shortening of the limb and has the advantage of 
considerable motion in the symphysis, but sym- 
physeal pain is reported. 

When a saddle prosthesis [23,24] is used, fix- 
ation only can be ensured when a large part of 
the ilium can be preserved. Common complica- 





Figure 18.1. Cross section of demineralized cortical bone showing 
numerous Haversian systems (Hematoxylin erythrosin saffron). 



Figure 18.2. Cross section of demineralized cortical bone showing 
numerous Haversian systems with concentric lamellae (Hematoxylin 
erythrosin saffron, polarized light). 




Figure 18.3. Longitudinal section of demineralized trabecular 
bone showing lamallae parallel to the long axis of the trabeculae 
(Hematoxylin erythrosin saffron, polarized light). 




Figure 18.4. Woven bone showing randomly organized trabeculae. 
The osteocytes are large and Irregularly spaced (Hematoxylin erythrosin 
saffron). 






Figure 18.5. Osteoblasts and osteoclasts indicating active resorption Figure 18.7. Osteoclast, multinucleated cell, responsible for bone 
as well as formation (Hematoxylin erythrosin saffron). reabsorption (Hematoxylin erythrosin saffron). 




Figure 18.6. Osteoblasts form a columnar layer on the surface of the 
bone (Hematoxylin erythrosin saffron). 




Figure 32.7. Extraction of internal and external femoral contours 
from CT data. 





Figure 32.10. Composite CT views with integration of stem sections. 





Figure 32.20. Micro-debonding distribution at bone-prosthesis interface in seven neck configurations (a: anatomical, b: anteverted, c: retroverted, 
d: lengthened and lateralized, e: shortened and medialized, f: in valgus, g: in varus). 




(a) (b) (c) (d) (e) (0 (g) 



Figure 32.21. Micro-slipping distribution at bone-prosthesis interface in seven neck configurations (a: anatomical, b: anteverted, c: retroverted, 
d: lengthened and lateralized, e: shortened and medialized, f: in valgus, g: in varus). 





Figure 34.1. Vascular disturbance underneath a conventional plate. The compression of the periosteal vessels results in an avascular area under- 
neath a conventional plate (a). The bone section at four weeks reveals the importance of the disturbance of the blood supply under the plate, which 
is mainly due to Impairment of the venous efflux (b). 





Figure 34.2. Bone remodeling after plating. At ten weeks after plating, fluorescent labeling of cortical bone shows that the remodeling activity 
starts at the boundary between the zone of avascular bone and viable bone (a). The remodeling front reaches the periosteum at about 20 weeks, 
resulting in complete revascularization of the formerly avital bone cortex. This creeping substitution of bone results in a temporary porosity (b). 
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Figure 38 . 14 . Finite element analysis of the bone stresses on the surface of a scapula implanted with a prosthetic glenoid (principle stress value 
in MPa, compression is negative), (a) A centered articular force with a predominance of compressive stresses, (b) Eccentric articular force producing 
tensile stresses on the anterior side and compressive stresses at the posterior side brought about by the bending of the scapula. 




125 000 Da 
70 000 Da 



97 400 Da 
66 200 Da 



42 800 Da 
32 600 Da 



17 600 Da 
7 500 Da 




45 000 Da 
31 000 Da 

21 500 Da 
14 400 Da 



anti-BMP- 3 4 5 6 7 

Figure 53.1. Western blot and SDS-Page analysis of native BMPs extracted from bone. 




Figure 53.4. A histologic picture of an ectopic bone-ossicle after implantation of native BMP in the muscle pouch of a mouse. 
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Figure 37.2 a Twenty-two-year-old male, chondrosarcoma of the left proximal 
femur involving the hip joint. Anterior-posterior roentgenogram, b Same patient, 
pelvic model and production of a custom-made endoprosthesis, c Same patient, pelvic 
reconstruction after type II resection and resection of the proximal femur by custom- 
made endoprosthesis and a KMFTR prosthesis of the proximal femur. 



tions are fracture of the remaining ilium and 
dislocation of the prosthesis. 

Implantation of an endoprosthesis (Figures 
37.2a-c, 37.3a-d, 37.4a-b, 37.5a-c) is a possibil- 
ity to achieve a functional hip joint without 
leg-length discrepancy. Several modular and 
custom-made systems are available [25-29]. 

According to the complexity of the surgery, 
size of the defect, preoperative cytostatic 
chemotherapy and immunosuppression, radia- 
tion therapy, duration of surgery, high blood 
loss, and long preoperative hospitalization, 
complication rates are high. Commonly, wound- 
healing disturbances leading to infection have 
to be treated immediately by necrosectomy, 
secondary wound closure, and a sufficient soft 
tissue coverage. Early revision of wound-healing 
disturbances is useful in order to minimize the 



risk of infection and delays in chemotherapy. 
Coverage by myocutaneous flaps is indicated in 
cases of large defects, e.g., application of a rectus 
abdominis flap or a free microvascular flap. 

In cases of uncontrollable complications the 
alternatives of hindquarter amputation and flail 
hip have to be taken into consideration - 
thereby avoiding numerous attempts at limb 
salvage. Late complications such as loosening of 
the prosthesis may be treated by bone grafting 
(Figure 37.6). When possible, primary bone 
grafting is recommended during primary 
implantation of the prosthesis. 

Postoperative monitoring at the intensive 
care unit is recommended. Adequate pro- 
phylaxis of thrombosis is a major concern of 
postoperative treatment as hematomas or a 
thrombosis may seriously endanger the success 
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Figure 37.3. a Twelve-year-old girl suffering from an osteosarcoma of the right supra-acetabular region - magnetic resonance tomography, 
b Same patient, pelvic model with planning of the type II and partial type I resection, c Same patient, pelvic model with custom-made endopros- 
thesis, d Same patient after reconstruction of the defect with a custom-made endoprosthesis. 




Figure 37.4. a Sixty-two-year-old female, chondrosarcoma of the right supra-acetabular region, anterior-posterior roentgenogram, b Same 
patient after type II and III resection and endoprosthetic replacement. 





Rebuilding and Prostheses in the Event of Periacetabuiar Tumors 



379 




Figure 37.6. Twenty-six-year-old male, reconstruction of the left 
pelvis after type I, II, and IV resection fora chondrosarcoma by a custom- 
made endoprosthesis, breakage of screws and loosening of the implant. 




Figure 37.5. a Twenty-two-year-old female, chondrosarcoma of 
the right ilium, anterior-posterior roentgenogram of the pelvis, 
b Same patient, pelvic magnetic resonance tomography, c Same 
patient after type l-IV resection and reconstruction by custom-made 
endoprosthesis. 



of surgery. In most cases immediate postopera- 
tive prophylaxis of thrombosis consists of con- 
tinuous application of heparin. As standard 
values, a partial thrombin time of 40 seconds 
for patients without replacement or suture of 
vessels and of 60 seconds for patients who 
underwent such procedures seem useful. 

Drains may be kept for four days or longer; 
and 10 to 12 days postoperatively, sonography or 
computed tomography are indicated for diag- 
nosis of a postoperative seroma or hematoma. 
Excision of hematoma, lavage, and re-drainage 
may be performed approximately four days 
postoperatively. 

For each patient an individually designed 
concept of after-treatment is necessary depend- 
ing on the stability of the pelvic ring and on the 
danger of hip dislocation. Pelvic endoprostheses 
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require an early stable fixation of the hip joint 
by means of a spica cast or an orthosis. Imme- 
diately after surgery the patient is positioned 
without plaster cast or in an open spica cast for 
the pelvis and the leg. Two weeks postopera- 
tively the patient is provided with a closed spica 
cast. Afterwards, an orthosis for pelvis, leg, and 
foot allowing motion of the knee joint and 
restricted at the hip joint at about 30-40° is rec- 
ommended, which should be worn for 3-4 
months. Stepwise removal of the part for the 
foot and afterwards opening of the hip arrest 
may be performed. The orthosis with the short 
support for the leg and the mobile hip joint is 
worn for at least one year or for the rest of the 
patient’s life. Mobilization starts two weeks after 
surgery or later without weight bearing. After 
six weeks, stepwise weight bearing is allowed. 
Two arm crutches or a stick are useful walking 
supports, in most cases for the rest of the 
patient’s life. Physiotherapy should be applied at 
home as the program in a rehabilitation center 
is often too strenuous for these patients. 

If no reconstruction is possible or in case of 
complications a flail hip situation may be 
accepted. Problems are leg length discrepancy 
and instability of the hip as well as poor func- 
tional results. 

Hindquarter amputation [30-32] is preferred 
in cases in which oncologically adequate resec- 
tion of the tumor and therefore limb salvage is 
impossible because of involvement of nerves 
and vessels. The method should be advised to 
patients with a local recurrence and if the tumor 
involves the sacral nerve root foramina or the 
sciatic nerve. Resection of the sciatic nerve leads 
to a leg without function and patients should 
be treated by hindquarter amputation. If the 
femoral neurovascular structures are involved, 
resection is still possible. The nerve can be 
resected without major impairment of function 
and vessels can be resected and replaced. 

Malignant tumors located in the periacetabu- 
lar region are difficult to treat and therefore 
thorough preparations regarding imaging pro- 
cedures, oncologic measures, and surgery are 
mandatory. Surgery of a pelvic tumor leads to 
instability of the leg, tolerable only in case of 
small tumors when in exceptional cases no 
reconstruction of the defect is performed. Large 



resections in patients with limb salvage require 
adequate measures for restoration of stability 
such as saddle prostheses, custom-made and 
modular tumor prostheses, and allografts. Such 
patients require special anesthesiologic man- 
agement intra- and postoperatively as well as 
long-term antibiotic prophylaxis and immediate 
surgical management of complications. Patients 
with large tumors should be considered for 
hindquarter amputation without hesitation; 
also, in case of serious complications, hindquar- 
ter amputation may become necessary. Due to 
the complexity of the treatment of periacetabu- 
lar tumors, such patients should be treated 
exclusively at specialized tumor centers. 
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Introduction 

To undertake normal activities of daily living 
the shoulder joint must allow a quite consi- 
derable range of motion [22]. The maximum 
elevation of the shoulder in the scapular plane 
generally lies between 170 and 180 degrees 
(Freedman et al.) [5,3]. To achieve this motion 
requires contributions from four shoulder com- 
ponents, namely the glenohumeral, acromio- 
clavicular, sternoclavicular, and scapulothoracic 
articulations. 

Muscle forces act across the glenohumeral 
joint to balance externally applied loads and the 
large motion at the shoulder involves changes of 
muscle moment arms. In an analysis of these 
forces across the shoulder it is convenient 
to divide the muscles into three groups: 
thoracoscapular, scapulohumeral, and thoraco- 
humeral muscles. However, the motion is 
complex, as is the relationship between the 
muscle actions and the joint movement. Three- 
dimensional analyses that approximate the real 
complexity of the shoulder [12,1,24] cannot be 
solved uniquely due to the large number of 
active muscle elements. Therefore, some numer- 
ical optimization method is required to provide 
estimates of the applied forces. Electromyogra- 
phy has been used for assessing muscle func- 
tion, but this technique is limited to a small 
number of superficial muscles and the signal 
is not directly related to the muscle force 
magnitudes. 

This paper will follow the two-dimensional 
analysis used by Poppen and Walker in 1976 and 
1978. This considers elevation of the shoulder as 
a combination of the movement of the scapula 
across the thorax together with the articulation 



of the glenohumeral joint. In the normal 
shoulder the ratio of scapulothoracic to gleno- 
humeral motion is 1 : 2, though this may reverse 
to 2 : 1 in the diseased shoulder, as glenohumeral 
motion becomes restricted [6]. 

This two-dimensional analysis is able to 
establish some quite fundamental biomechani- 
cal principles that can be applied to understand 
the stability of the shoulder in the plane of the 
scapula. It is justified since it has been shown 
that the predominant motion of the scapula 
during the humeral elevation is upward rota- 
tion [10]. Biomechanical stability implies that 
the glenohumeral articulating surfaces should 
remain in contact throughout the ranges of 
motion that the joint might naturally encounter. 

The analysis presented herein also considers 
what this requirement for biomechanical stabil- 
ity implies for the design of shoulder pros- 
theses. The first step is to set out some quite 
fundamental biomechanical principles that can 
be applied to understand the stability of the 
shoulder. 

Basic Biomechanical Principles 

To articulate a shoulder joint, muscle forces 
must act some distance away from the center of 
rotation to create a turning moment. As well as 
rotating the joint, these muscle forces have a 
tendency to cause the joint surfaces to translate 
if they are not balanced by an equal opposing 
force. In particular, the action of the deltoid 
muscle at the shoulder gives this combination 
of the abduction rotation of the glenohumeral 
joint with a tendency for the upward translation 
of the humeral head across the glenoid surface 
as shown in Figure 38.1. Excessive translation 
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Figure 38.1. The force from deltoid contraction (gray) acts some dis- 
tance from the center of glenohumeral rotation and therefore acts both 
to rotate the joint and to translate this superiorly. 



must be resisted for the joint to remain 
stable. 

When a force is applied to the proximal 
humerus, the direction of this force determines 
whether the shoulder will remain stable or 
whether subluxation will occur. If we assume in 
the first instance that the effects of friction are 
negligible, then the glenohumeral joint force 
must be exactly perpendicular to the articular 
surfaces at their point of contact. That is, the 
position of the humeral head will move across 
the glenoid surface until the point of gleno- 
humeral contact directly opposes the applied 
force. If no such point of contact exists then 
the joint will not be stable as indicated in 
Figure 38.2. This is the fundamental geometri- 




Figure 38.2. Under conditions of zero friction stability of the gleno- 
humeral joint depends on whether the humeral head can slide over the 
glenoid surface to find a contact that is perpendicular to the applied 
force. The condition on the left is stable; that on the right is not. 




Figure 38.3. The length of the two connecting sides of the parallelo- 
gram F1 and F2 represents the magnitude of two forces. The resultant 
force R Is represented in both magnitude and direction by the diagonal 
across the parallelogram offerees. 

cal contact requirement for joint stability. In- 
deed, many of the experimental observations on 
shoulder behavior are a direct consequence of 
this fundamental principle. 

Under the action of the deltoid muscle alone, 
the shoulder joint would tend to be unstable. 
The large range of motion requires that joint 
ligaments remain slack and only apply their 
passive constraints at extremes of motion. 
Active stabilization is needed and this is 
provided by the additional contraction of the 
rotator cuff muscles. To understand this com- 
bined effect of deltoid and rotator cuff contrac- 
tion we must consider how their forces can be 
combined into a single “resultant” force. To 
combine the effects of two or more forces that 
act in different directions we can use the paral- 
lelogram of forces as shown in Figure 38.3. Note 
that the muscles that give rise to these force do 
not have to be attached physically to the same 
point, the parallelogram represents only their 
directions and not their physical location. 

Also, the parallelogram of forces can be used 
to uncouple a single force R into its horizontal 
and vertical components, Rx and R^ respectively, 
as shown in Figure 38.4. 
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Figure 38.4. A single force R can be separated into its horizontal and 
vertical components, and Ry using the parallelogram of forces 
concept. The two forces R^ and Ry will thus produce exactly the same 
effect as R. 



When performing any of the activities of 
daily living, numerous forces act upon the 
humerus. These forces are derived from mus- 
cle actions, ligament constraints, and any sup- 
ported weights. If at such a time the arm is held 
in a steady position, then the humerus itself is 
said to be in a state of mechanical “equilibrium” 
in which all applied moments (forces multi- 
plied by the distance to the center of rotation) 
balance, so the net turning effect is zero. Also, 
all the applied forces similarly balance, so that 
all the horizontal and vertical components sum 
to zero, and consequently the net resultant force 
on the humerus is zero. 

Armed with these three basic concepts of (i) 
the geometric contact requirements for joint 
stability, (ii) the parallelogram of forces, and 
(iii) the balance of turning moments and forces 
for mechanical equilibrium, we now have the 
tools necessary for a mechanical analysis of the 
glenohumeral joint. 

Glenohumeral Force and 
Joint Stability 

Before considering the forces that act across the 
shoulder, let us first examine the stability of 
the anatomical glenohumeral joint. Any gleno- 
humeral joint force R can be uncoupled using 
the parallelogram of forces into a force 
directed centrally into the glenoid and a second 
shearing force Ry component that is perpendi- 
cular to this as shown in Figure 38.4. Rx tends to 
stabilize the joint whilst the component Ry tends 
to cause the joint to dislocate. The dominate 
effect depends on the curvature of the glenoid. 

lannotti et al. [9] have conducted a detailed 
study into the geometry of the glenohumeral 




Figure 38.5. This scale drawing shows the mean anatomical supero- 
inferior dimension of the glenoid and the maximum angle of the joint 
resultant force R for joint stability. To maintain R within this maximum 
limit the ratio of Rx: Ry must be less than 1 : 1.04. The angle 46° deter- 
mines the "constraint" the higher this angle is the more constrained is 
the joint. 

joint and have found the geometry of the 
anatomical humeral and glenoid surfaces to be 
approximately spherical. The average radius 
of curvature of the normal glenoid surface is 
27 mm with an average supero-inferior dimen- 
sion of 39 mm. Therefore, in the scapular plane, 
this average glenoid surface will subtend an arc 
of ±46° about the center of the glenoid as shown 
in Figure 38.5. In the absence of other factors, 
the requirement for joint stability is that the 
direction of the joint force R must be within this 
arc. That is: 

RyjRx <Tan 46^ 

R^/R;,<1.04 

Therefore, whilst this RylRx ratio value will 
normally vary as the shoulder moves, it must 
always be less than unity for the shoulder joint 
to remain stable in the supero-inferior direc- 
tion. A consequence is that a high Rx force 
component will increase glenohumeral stability. 
Subluxation forces will therefore be directly 
proportional to the applied joint load, as has 
been observed experimentally by both Fukuda 
et al. [7] and Severt et al. [8]. Lippit et al. [15] 
referred to this effect as “concavity compres- 
sion”, noting that increased stability correlated 
with the depth of the glenoid concavity and 
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indicated that scapular movement may also help 
centralize the glenohumeral articulation. 

Other factors will also play a role in aug- 
menting the stability of the glenohumeral joint. 
The periphery of the joint is surrounded by a 
fibrous tissue labrum that further resists joint 
subluxation by effectively extending the glenoid 
surface through a greater arc than is shown in 
Figure 38.5. The labrum consequently increases 
resistance to subluxation by between 18% and 
52% around the glenoid [15]. However, on the 
other hand, the deformation of the humeral and 
glenoid articular cartilage will modify surface 
curvature under loading so that subluxation 
may begin inside the glenoid periphery. The 
above theoretical maximum Ry/R^ ratio for 
the normal glenoid therefore probably overesti- 
mates the limit to glenoid stability. 

The humeral head radius of curvature is 
found typically to be 2 mm smaller than the 
radius of the glenoid [9,15]. Although the defor- 
mation of the articular cartilage that covers the 
opposing surfaces will accommodate some of 
this mismatch, the curvature difference will give 
the humeral head the capacity to slide across the 
face of the glenoid somewhat to find a position 
of mechanical equilibrium as shown in Figure 
38.2. 

Constraint and Conformity of the 
Gienoid Surface 

The angle subtended by the glenoid, as shown 
in Figure 38.5, determines the constraint of 
the glenohumeral joint. The more the glenoid 
surface wraps around the humeral head, the 
greater is the joint stability, but this increased 
constraint reduces the available range of 
motion. Therefore, a compromise is needed. In 
the shoulder, the need for a great range of 
motion requires a significantly reduced con- 
straint than, for example, in the hip where a 
greater stability and reduced motion is more 
suitable. 

A second feature that defines the gleno- 
humeral articulation is the conformity that is 
given by the mismatch between the radii of 
curvature of the opposing contact surfaces. As 




Figure 38.6. Variation of the maximum Ry/Rx value with the geo- 
metric constraint of the glenoid. The mark (*) shows the constraint of 
the average anatomical glenoid and (o) shows the comparable position 
of the Neer prosthetic glenoid. 



noted above, the glenoid radius of curvature 
may typically be 2 mm larger than that of 
the opposing humeral surface, enabling some 
degree of translation of the humeral head across 
the glenoid surface [11]. Therefore, one would 
expect any increase in conformity to reduce 
range of motion to some degree, as this sliding 
motion is more limited, although Harryman 
et al. [8] found this effect to be small. Reduced 
conformity does lead to reduced contact areas 
and thus increased contact stresses, so that 
again some form of compromise is required. 

From the analysis given above, the maximum 
RylRx ratio defining the limit for the stable 
shoulder will increase as the constraint in- 
creases, varying with the tangent of the glenoid 
angle as shown in Figure 38.6. Conformity 
would not be expected to affect the stability in 
the same way. 

Forces in the Abducted Shoulder 

Analysis of the kinematics of the shoulder is 
complex in three dimensions. The joint itself is 
a mechanically indeterminate system so that, 
for instance, the same amount of glenohumeral 
movement can be achieved though different 
muscle actions [24]. However, an insight into the 
basic mechanics and the stabilizing action of the 
rotator cuff can be gained from a simple two- 
dimensional mechanical analysis. The first such 
analysis was conducted by Poppen et al. [16] and 
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Figure 38.7. Loading example of the horizontal arm. The hand Is carrying a weight of 10% body weight (0.1 W) and the weight of the arm itself 
(0.1 W) acts through the center of the limb.The two loads provide a clockwise turning moment that must be balanced by the anticlockwise moment 
of the deltoid force for the arm to remain abducted in equilibrium. 



the analysis presented here is a derivation of this 
approach. 

Here we will consider the situation shown in 
Figure 38.1, in which the deltoid muscle alone is 
acting to abduct the humerus in the scapular 
plane [1]. The major effect of the rotator cuff 
musculature in this two-dimensional analysis is 
to pull the humeral head into the face of the 
glenoid, though supraspinatus is also able to 
abduct the shoulder [ 1 ] . The role of the rotator 
cuff musculature in other planes, such as for 
humeral internal and external rotation, cannot 
be considered in this two-dimensional analysis. 

A first example considers a horizontally out- 
stretched arm of 10% body weight (0.1 W) sup- 
porting a further 0.1 W weight in the hand. 
In this arrangement, the force exerted by the 
deltoid muscle in order to maintain equilibrium 
with a horizontal abduction is shown in Figure 
38.7. For equilibrium, the clockwise turning 
moment of the loaded arm must be matched by 
the anti-clockwise turning moment generated 
by the deltoid. That is: 

O.IW X L 4- O.IW X 2L = 0.1 X L X Fdeitoid 

Fdeltoid = 3W 

So that despite a fairly low physical loading 
(0.2 W), a deltoid force of three times body 
weight is needed to maintain equilibrium. This 
is simply because the deltoid acts through a 
small moment arm of only 5% of the limb 
length (2L), and thus a much higher force is 
needed to create an equivalent turning moment. 

The parallelogram of forces can be used to 
combine the forces that are now acting on the 
humerus into a single resultant force R as shown 
in Figure 38.8. To maintain equilibrium this 




Figure 38.8. The forces applied to the humerus in Figure 38.7 can be 
collected into a single resultant force that has a magnitude of 2.94 times 
body weight and acts at 16.3° to the horizontal. Under this loading the 
shoulder is stable. 



joint force is counteracted by an equal opposing 
reaction force from the glenoid onto the 
humerus. The single joint force R can be uncou- 
pled using the same technique to give its hori- 
zontal and vertical components that are R^ and 
Ry. In this way Rx is simply the combined hori- 
zontal effect of the two original forces and Ry is 
likewise their combined vertical effect. There- 
fore, for the mechanical equilibrium shown in 
Figure 38.8: 

Rx=5Wcos2(f = 2,S2W 

Ry = 3Wsin20P -0.2W = 0.83W 

The parallelogram of forces can be used to cal- 
culate the single joint force R where: 

R^=Ri-\-Rj 

In this case the value of R is 2.9 W and the Ryl 
Rx ratio value of this resultant force is 0.29. 
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Figure 38.9. Loading example with the arm abducted to 30 degrees. 
The perpendicular distance of the 10% body weight in the hand and the 
weight of the arm from the center of rotation is smaller than in Figure 
38.7 being 2 L sin 30 and Lsin 30 respectively. Therefore, the clockwise 
turning moments is reduced compared to that in Figure 38.7 and the 
opposing deltoid force is smaller. 

Remember that the shoulder will be unstable if 
this ratio exceeds a theoretical value of unity. 
Thus, one may conclude that equilibrium is 
likely be maintained by the arrangement of 
forces shown in Figure 38.8. 

Now, in a second example, consider the same 
loading situation with the arm hoisted to only 
30° of abduction as shown in Figure 38.9. In this 
case the balance of rotational moments gives: 

O.IW X L X sin3(f + O.IW x 2L x sin30P 
= 0.1XLxFdeltoid 
Fdeltoid =1.5W 

So now a lesser deltoid force of 1.5 times body 
weight is required to maintain the equilibrium. 
However, the direction of this deltoid force is 
much more vertical, so that the parallelogram 





Figure 38.1 0. The forces applied to the humerus in Figure 38.9 can be 
collected into a single resultant force that has a magnitude of 1 .3 times 
body weight and acts at 78.5° to the horizontal. Under this loading the 
shoulder is unstable. 

of force creates a more vertical resultant gleno- 
humeral force as shown in Figure 38.10. The 
horizontal and vertical components of this 
resultant force are now: 

R^=1.5Wcos80P = 0.26W 

Ry = 1.5Wsin8(f -0.2 W = 1.28W 

Here the resultant joint force R magnitude is 
1.3 W but the RylRx ratio takes a value of 4.92. 
Under this resultant force, the shoulder would 
be expected to be unstable in this case and 
would certainly dislocate superiorly. 

Now the action of the rotator cuff muscu- 
lature can be superimposed onto the resultant 
joint force calculated using Figure 38.10. Here 
we will assume that this rotator cuff force acts 
perfectly horizontally. In combination with the 
joint force, a new parallelogram can be formed 
to calculate a new final resultant single force. In 
Figure 38.11 the RylRx ratio value is brought 
down to 0.36 (tan 20°), at which point the shoul- 
der may be expected to be stable. Effectively, the 
rotator cuff is reducing this ratio by increasing 
the denominator Rx value. However, this stabi- 
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Figure 38.11. The rotator cuff muscles effectively increase the hori- 
zontal force component Rx so that the Ry / Rx ratio is reduced to a point 
where the shoulder can be stable. However, to achieve this with the 
forces shown requires a rotator cuff force of 3.24 times body weight. 




Figure 38.12. Displacing the rotator cuff force downwards somewhat 
has the effect of reducing the muscle forces and the combined joint 
reaction force appreciably compared to those in Figure 38.11. 

lization requires a large cuff force of 3.24 times 
body weight and the resultant combined joint 
reaction force in now 3.72 W. In this case, rotator 
cuff activity from supraspinatus will be most 
effective to protect the joint from superior 
subluxation, although an intact “transverse 
force couple” (subscapularis, infraspinatus, teres 
minor) may itself ensure normal glenohumeral 
motion [20]. 

In a modification of the above scenario. Figure 
38.12 shows the effect when the rotator cuff force 
is displaced downwards by 10°. With this fairly 
minor adjustment, the rotator cuff force needed 
to maintain stability is reduced by 31%. 

Because the shoulder system is mechanically 
indeterminate, it is not possible to be sure that 
the above picture presents an accurate view of 
reality, as the same shoulder positions can be 



achieved through the actions of different mus- 
cles. Indeed, supraspinatus may have a role in 
the initiation of abduction [20]. However, the 
analysis does demonstrate that high loads can 
be created at the glenohumeral joint as the 
rotator cuff contracts to increase the normal 
force {RJ to ensure joint stability. The effect of 
the rotator cuff is required more in early abduc- 
tion when the direction of the deltoid force is 
more tangential to the glenoid fossa. 

Anterior-Posterior 

Considerations 

The whole of above analysis concerns the 
abduction of the glenohumeral joint in the 
scapular plane and movement is entirely supero- 
inferior. However, the same considerations apply 
in the antero-posterior (a-p) direction with 
activities requiring internal and external rota- 
tion. In this plane the glenoid fossa is a more 
complex pear shape with an average superior 
dimension of 23 mm and a larger inferior dimen- 
sion of 29 mm [9]. Note that these sizes are 
smaller than the equivalent supero-inferior 
dimension, so that the glenoid is less constrained 
in the antero-posterior direction. The 1 : 0.8 ratio 
in the superior and inferior a-p dimension 
observed by lannotti exactly matches the 1 :0.8 
ratio in superior and inferior a-p subluxation 
forces measured by Lippit et al. [15], once again 
showing how the glenoid concave geometry is a 
major determinant of shoulder stability. 

In fact, using the theoretical techniques 
described above, inferior a-p subluxation 
should require a maximum RJRx ratio value of 
0.64. This will again probably be less in practise 
due to a flattening of the curvature of the articu- 
lating surfaces under load. Rotator cuff activity 
from subscapularis and infraspinatus will be 
effective in preventing anterior and posterior 
instability respectively. 

The Effect of Joint Friction 

The above analysis has been conducted under 
the assumption that the effect of friction at the 
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glenohumeral articulation is negligible. The 
coefficient of friction of the cartilage surface of 
the anatomical joint is about 0,003, which con- 
tributes a friction force of only 3 thousandths of 
the resultant force calculated above. This may 
accurately be described as negligible. In the case 
of the prosthetic joint, the coefficient of friction 
for metal on polyethylene reaches approxi- 
mately 0.08 so that again the friction force will 
comprise less than 10% of the joint reaction 
force. This friction will act in a direction to 
resist dislocation so that the joint will conse- 
quently be more stable by this same amount. 
Experimental measurement of frictional torque 
by Severt et al. [18] presents low values of 
0.1 -0.3 Nm, with the lowest values in this 
range associated with prostheses with the lowest 
conformity. 

Glenohumeral conformity will have a greater 
frictional effect with rotation in the plane of the 
glenoid, as may occur in humeral elevation 
perpendicular to the scapular plane. Whilst the 
friction forces will be the same, the frictional 
torque will then depend on the radius of the 
joint contact area, which can be much smaller in 
the less conforming geometry. 

The most significant effect of joint friction is 
likely to occur in hemi-arthroplasty where fric- 
tion of the metal-on-bone articulation has been 
estimated to reach 0.3. Therefore, an additional 
frictional force 30% of the joint reaction force 
will enter the analysis and make the joint more 
stable against dislocation. However, the cost of 
this higher joint friction may be to increase the 
wear damage of the glenoid cavity which will 
change its geometry, possibly reducing the con- 
straint and eventually leading to reduced joint 
stability. This behavior [14] appears in the pos- 
terior glenoid wear that may accompany hemi- 
arthroplasty [14]. This loss of glenoid constraint 
may be restored with the use of a prosthetic 
glenoid. 

Implications for Shoulder 
Prosthesis Design 

The typical share of scapulothoracic to 
glenohumeral motion is 1:1.3 after shoulder 
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Figure 38.13. In the Neer 3 humeral stem design, the articulation of 
the larger head sizes is medialized to increase the deltoid moment arm. 

arthroplasty rather than the normal 1 : 2 [6], and 
also the range of motion is often less that the 
normal shoulder. Therefore, one may expect 
that normal shoulder kinematics are not usually 
restored by this surgery. The anatomical posi- 
tion of the glenohumeral articulation is clearly 
important for rotator cuff function [13]. The 
balance of moments in Figures 38.7 and 38.9 
demonstrates the importance of the deltoid 
moment arm which must be restored with 
sufficient lateral offset in a humeral prosthesis, 
otherwise even larger deltoid forces and joint 
reaction forces must be generated around the 
joint to achieve equilibrium. 

In their cadaver study, Severt et al. [18] 
revealed that the lateral humeral offset that 
determines the deltoid moment arm increases 
with humeral head thickness. This anatomical 
feature is reflected in the design of the Neer 3 
humeral component (Figure 38.13) in which the 
larger humeral head positions are adjusted 
medially to increase their effective deltoid 
moment arm. 

As discussed above, the constraint and the 
conformity of the glenohumeral articulation are 
two principle features that determine shoulder 
motion and stability. On Figure 38.6 the supero- 
inferior constraint produced by the standard 
Neer II prosthetic glenoid component is indi- 
cated alongside that of the average anatomical 
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glenoid. From the theoretical calculation as 
conducted above, the expected maximum Ry/Rx 
ration at subluxation for the standard Neer II 
glenoid prosthesis would be 0.89. This is 14% 
lower than the normal glenoid, although the 
smaller supero-inferior dimension of the Neer 
glenoid prosthesis (33.3 mm) is somewhat 
compensated by a reduced radius of curvature 
of 25 mm. 

In fact. Sever t et al. [18] experimentally 
measured a RylRx ratio of 0.6 at subluxation with 
the Neer glenoid and this same figure varied 
from 0.2 to 0.8 with different types of glenoid 
prostheses depending on the prosthetic design 
and the direction of loading. Fukuda [7] simi- 
larly measured this ratio for the Neer II glenoid 
at 0.87 decreasing to 0.53 as the central loading 
(Rx) approaches body weight. These figures are 
close to the theoretical value shown in Figure 
38.6. A difference between these experimental 
estimates and the theoretical calculation of the 
maximum RylRx ratio is due to the effects of the 
deformation of the polyethylene prosthesis 
under load that reduces its effective curvature 
and hence its constraint. Indeed, this indicates 
the importance of achieving the full seating of 
the all-polyethylene glenoid prosthesis against a 
prepared glenoid cavity to protect against insta- 
bility. A ratio value of 0.43 occurs when an all- 
polyethylene prosthesis is not fully supported 
on its bone-contacting surface. 

Karduna et al. [11] have demonstrated that 
variation of conformity in a total shoulder pros- 
thesis has a negligible effect on stability as indi- 
cated by the maximum Ry/Rx ratio. Therefore, a 
reduction in conformity with some radical 
mismatch between the humeral and glenoid 
articulating surfaces may provide for a more 
physiological motion with some glenohumeral 
translation without a penalty of a loss of stability. 
Severt et al. [18] found that reducing conformity 
increases the translation to reach the maximum 
subluxation force. This is to be expected from the 
analysis presented above (Figure 38.2). In fact, 
in the absence of polyethylene deformation, a 
perfectly conforming articulation would not 
translate at all prior to dislocation. 

An increased conformity will increase the 
frictional torque in elevation rotation in the 
plane of the glenoid. This will inevitably 



increase the demands on the fixation of a 
glenoid prosthesis. On the other hand, a reduced 
conformity will increase the glenohumeral 
contact stresses that may take these values 
beyond the yield stress for the polyethylene and 
result in an increased wearing of this material 
[ 21 ]. 

All factors that have the virtue of increasing 
the stability of the shoulder by increasing the 
subluxation forces inevitably have the conse- 
quence that the higher forces will also place 
greater demands on the implant fixation. There- 
fore, it is important to consider how the changes 
of glenohumeral articulation may affect the 
stresses transferred from the implant to the 
bone, which may determine the durability of 
the fixation of the glenoid prosthesis. 

Couteau et al. [2] have used a three- 
dimensional finite element model to examine 
the changes in scapular stresses with off-center 
loading. Figure 38.14 (plate section) shows that 
a principle effect of the off-center loading is a 
modification of the bending of the scapula in 
the vicinity of the posterior notch. One may 
expect that whilst this bending may normally 
serve a useful physiological shock-absorbing 
function, an exaggerated bending may challenge 
implant fixation. One may conjecture that 
central glenoid loading is likely to be most con- 
servative for the implant fixation, with a reduc- 
tion of a so-called “rocking-horse” effect [4]. 
Following on from the analysis given above, 
central glenoid loading is dependent on a 
proper functioning of the rotator cuff muscula- 
ture. Indeed, rotator cuff dysfunction has been 
associated with glenoid implant loosening [4]. 

A second and surprising effect uncovered in 
the finite-element study of Couteau et al. [2] is 
the increase of implant bone interface stresses 
as the conformity of the glenohumeral articula- 
tion is reduced. 

The scapular bone stock available for glenoid 
fixation and the condition of the rotator cuff 
musculature are two factors that must influence 
prosthesis selection and operative procedure. If 
the rotator cuff cannot be expected to aid joint 
stability, then a more conforming articulation 
that is inherently more stable may be preferred, 
even though this may place increased demands 
on glenoid fixation. 
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Summary 

Although the shoulder is a non-weight-bearing 
joint, high loads can nevertheless be generated 
across the glenohumeral articulation. 

The stability of the glenohumeral articula- 
tion, both anatomical and prosthetic, is depen- 
dent on the humeral and glenoid articulating 
geometry, the adequate bony support for a 
glenoid prosthesis, and also on the function of 
the rotator cuff musculature. 

The mechanical demands placed on glenoid 
prosthesis fixation are also appreciably affected 
by the characteristics of the glenohumeral artic- 
ulation, but the effects here are complex and 
require a full three-dimensional mechanical 
analysis to comprehend. 
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Introduction 

Man engages in various actions with use of his 
hands. For the effective and smooth execution 
of these actions, wrist joints have a unique 
bearing mechanism not seen in other joints. 
However, as the bearing mechanism of the wrist 
joints is complicated, repair of this mechanism 
once damaged is difficult. Thus, establishment 
of diagnosis and therapy of diseases of the wrist 
joints has been delayed for a long period. For the 
elucidation of the pathology of carpal instabil- 
ity and the etiology of dorsal intercalated seg- 
mental instability pattern of scaphoid fracture, 
which have attracted much attention in recent 
years, it is extremely important to ascertain the 
kinematics of normal wrist joints. 

The wrist joint is a mixed joint composed of 
radiocarpal joint, midcarpal joint, and pisotri- 
quetral joint for the radius and eight carpal 
bones. Furthermore, the carpal bones are 
divided into proximal carpal row and distal 
carpal row with scaphoid, lunate, triquetrum, 
and pisiform included in the former and trapez- 
ium, trapezoid, capitate, and hamate included in 
the latter. Active movement of the two rests with 
the distal carpal row that is connected by joints 
with metacarpal bones to which are inserted 
wrist extensors and wrist flexors forming the 
power source of wrist joint movement, and the 
carpal bones of the proximal carpal row exclud- 
ing pisiform have only passive movement. Thus, 
the proximal carpal row serves as a bearing for 
wrist joints and only when this bearing mecha- 
nism is normal to various movements of the 
wrist joints become possible. 

A large number of studies have been made on 
the kinematics of the wrist joints. [1,2,3,4,5,6,7] 



Based on radiograms obtained by changing 
body position the authors have reported on the 
involvement rate on wrist joint movement of 
radiocarpal joints and midcarpal joints. Arkless 
and Youm [8,9] with the use of cineradiography 
have studied the mutual kinematics of various 
carpal bones. In these previous analytical 
methods employing radiography and cineradi- 
ography, the angle among the various carpal 
bones on antero-posterior view and lateral view 
was measured and studied. According to these 
reports, the changes in the angles formed by 
radius and lunate were used as indices of move- 
ment of radiocarpal joint and the changes in the 
angles formed by capitate and lunate were used 
as indices of movement of midcarpal joints. The 
report was made on the involvement rate in 
wrist joint movement of radiocarpal joints and 
midcarpal joints. In all these reports, actual 
measurement was made on lateral views with 
measurement being feasible between radius and 
lunate, between radius and scaphoid, between 
capitate and lunate, between capitate and 
scaphoid, and between scaphoid and lunate. 
Measurement of kinematics around the tri- 
quetrum is extremely difficult. It was possible by 
previous methods of analysis to ascertain the 
maximum range of movement of the scaphoid 
at dorsal-volar flexion and at radial-ulnar 
flexion. On the basis of these findings, most of 
the reports have supported the columnar theory 
of Taleisnik [10]. However, by the heretofore 
employed method of analysis, movement on the 
ulnar side, particularly the movement around 
the triquetrum, had been extremely difficult 
and even by two-directional radiography only 
the outline of the movement of the carpal bones 
could be obtained by antero-posterior view and 
in most cases angle measurement could only be 
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done based on the lateral view, thus limiting 
analysis of movement from one direction. Fur- 
thermore, carpal bones are small with compli- 
cated morphology and as their movement is 
primarily rotational, by angle measurement 
using radiograms characteristic findings are 
scanty and measurement has been limited to 
carpal bones. As carpal bones have multiaxial 
rotational movement without a fixed axis, the 
measured values do not necessarily accurately 
reflect the movement of carpal bones. Further- 
more, a weakness has been pointed but that even 
by a slight twist during radiography the mea- 
sured values show a great variation. In order to 
make a more detailed study of the kinematics of 
the wrist joints, the need has been emphasized 
that a measurement method to accommodate 
the three-dimensional movement of the carpal 
bones showing a multiaxial rotational move- 
ment should be employed. We therefore directed 
our attention to a strain gauge which is used in 
measuring the strength of machines and struc- 
tures, and decided to employ strain gauges in 
analysis of wrist joint movement. A measure- 
ment apparatus was fabricated with the central 
part 5 mm in diameter made arch shaped so that 
even during multiaxial rotational movement of 
the carpal bone, strains corresponding to move- 
ment could be measured. Therefore, with the 
use of this measurement apparatus, we analyzed 
the kinematics of various carpal bones, partic- 
ularly scaphoid, lunate, capitate, and triquetrum 
in volar-dorsal flexion of wrist joints, especially 
the movement of the triquetrum whose analysis 
had been extremely difficult. 

Materials Methods 

Cadaver Specimens 

As materials, 20 cadavers preserved by arterial 
embalming without any trauma to the wrist 
joints, and 31 wrist joints were employed. The 
cadavers were composed of 10 males and 10 
females and the 31 wrist joints were composed 
of 15 right wrist joints and 16 left wrist joints. 
Age at time of death ranged from 36 to 76 years 
with a mean of 65.7 years. 



In arterial embalming, coagulated blood 
within the blood vessels of the cadaver was 
removed by a special infusion pump, followed 
by infusion of fixative in the blood vessels. Fol- 
lowing embalming, the cadaver was preserved 
in a cold room at 5°C. In comparison with 
cadavers embalmed only by formalin, in cadaver 
specimens treated by this embalming procedure 
the elasticity of soft tissue is satisfactorily main- 
tained and the range of motion of the joint is 
almost equivalent to that of the wrist joint of a 
living human. 

Measuring Apparatus 

The measuring apparatus consisted of a board 
made of 20 x 6 x 1 mm- sized polyethylene that 
was shaped into an arch with a diameter of 
5 mm at the center. The top and sides were 4 mm 
in diameter, and a double axial strain gauge 
(Kyowa Dengyo) was attached. The objective of 
attaching a strain gauge at two sites was to 
investigate the possibility that measured strains 
would differ depending on where the gauge was 
attached. 

By fixing both ends of this measuring appa- 
ratus with screws and adhesive, the measuring 
apparatus moved intimately with the carpal 
bones. In order to measure the strain corre- 
sponding to movement even when the carpal 
bones rotated multiaxially, the center part was 
processed into an arch shape with a diameter 
of 5 mm. This allowed a measurement that 
reflected three-dimensional movement of the 
carpal bones, and also enabled the analysis of 
movement on the ulnar side of the wrist, espe- 
cially the triquetrum periphery, which had 
conventionally been very difficult to analyze. 

Measuring Sites and Procedure 

In order to elucidate the kinematics among the 
carpal bones during wrist movement, we 
selected the four carpal bones; i.e., the capitate, 
scaphoid, lunate, and triquetrum. 

To avoid the breakdown of the physiological 
condition, we exposed the dorsal side of the 
wrist joint of the cadaver specimens. We pre- 
served the ligaments and capsule on the 
dorsal side. Then we took bidirectional X-ray 
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Figure 39.1. The relative motions between two selected carpal bones during dorsal flexion. (C: capitate, L: lunate, S: scaphoid,!: triquetrum). 



images, and decided on the sites for inserting 
the screws. 

The regression analysis was used for the sta- 
tistical analysis. 

Results 

The measurement results and regression analy- 
sis results are detailed for each direction of 
movement. 

Dorsal Flexion 

The change of strain during dorsal flexion dif- 
fered according to the measured site. The strain 
between the capitate and lunate reached a 
maximum during dorsal flexion at 70 degrees of 
dorsal flexion (Figure 39.1). The strain between 
the scaphoid and lunate was the second highest 
value up to 50 degrees of dorsal flexion. In par- 
ticular, the increase in the strain was dramatic 
up until a dorsal flexion of 20 degrees. The 
change in strain between the triquetrum and 
lunate approximated that between the capitate 
and lunate. The strain between the scaphoid and 
capitate rapidly increased from 40 degrees of 
dorsal flexion. 

The strain between the triquetrum and capi- 
tate also dramatically increased from 40 degrees 



of dorsal flexion, similar to that between the 
scaphoid and capitate. When the change in 
strain at each of the above measurement sites 
were examined by regression analysis, a signifi- 
cant difference was seen between each of the 
measured sites. 

Volar Flexion 

Unlike the dorsal flexion, during the volar 
flexion there were no measured sites at which 
the strain markedly increased during the move- 
ment (Figure 39.2). The strain increased during 
the volar flexion in the following order: Between 
the triquetrum and capitate, between the capi- 
tate and lunate, between the scaphoid and capi- 
tate, between the triquetrum and lunate, and 
between the scaphoid and lunate. When the 
change in strain at each of the above measure- 
ment sites were examined by regression analy- 
sis, a significant difference was seen between 
each of the measured sites. 

Discussion 

In 1976, Taleisnik slightly altered Navarro’s 
concept [11]: The lunate and the entire distal 
carpal row was included in the central column 
and this was considered as the flexion- 
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Figure 39.2. The relative motions between two selected carpal bones during volar flexion. (C: capitate, L: lunate, S: scaphoid,!: triquetrum). 



extension column, and the lateral column was 
determined to be only the scaphoid. The distal 
carpal row and proximal carpal row moved 
together so this was called the mobile column. 
The medial column was comprised of only the 
triquetrum, and this mainly moved during 
pronation and supination so it was considered 
to be the rotation column. 

However, in 1981 Lichtman [12] proposed the 
ring theory whereby the carpal bones were 
viewed as a ring made up of seven carpal bones. 
The normal movement control is performed 
by a radial link between the trapezium and 
scaphoid, and an unlike link between the 
hamate and triquetrum that are connected 
relatively weakly. A volar force was applied from 
the radial link and a dorsal force was applied 
from the ulnar link. The theory stated that the 
volar and dorsal forces are offset by the proxi- 
mal carpal row where the movement is seen to 
operate mutually among three carpal bones to 
create stabilization. 

These theories are conceptually taken as 
kinematics of the wrist joint, and in reality are 
not based on the quantitative data. Does the 
wrist joint really move as suggested by these 
theories, or are different kinematics shown? 
Regarding the kinematics of the wrist joint, we 
herein discuss the validity of past theories 
together with an examination of volar and 



dorsal flexion movement, based on our study 
results. 

Dorsal Flexion 

The kinematics differs among each of the carpal 
bones during dorsal flexion, and the greatest 
movement in the midcarpal joint was between 
the capitate and lunate. However, during move- 
ment between the scaphoid and capitate, and 
the triquetrum and capitate, strains were small 
up to 40 degrees of dorsal flexion, where move- 
ment was closely related, but from 40 degrees 
of dorsal flexion, movement rapidly increased. 
At 70 degrees of dorsal flexion the strain was 
shown to be about four times that at 40 degrees. 
Additionally, at 30 degrees or more of dorsal 
flexion, there was little increase in movement 
among the proximal carpal row. 

These results suggest the following about 
dorsal flexion kinematics. The dorsal flexion 
force added to the distal carpal row is transmit- 
ted to the proximal carpal row via the midcarpal 
joint. The scaphoid and triquetrum that have a 
ligamentous connection with the distal carpal 
row dorsiflex while being intimately linked with 
the distal carpal row. However, a dorsal flexion 
force is transmitted to the lunate, which does 
not have a ligamentous connection with the 
distal carpal row, from the dorsiflexing scaphoid 
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and triquetrum via the intercarpal ligament, 
and the lunate dorsiflexes due to the capitate 
pushing on the dorsal side pole of the lunate. 
Therefore, the greatest movement within the 
midcarpal joint is seen between the capitate and 
lunate. However, at a dorsal flexion of 30 degrees 
or more, the rate of increase in movement 
between the capitate and lunate is small. This is 
thought to be because of the radial distal joint 
surface slopes on the volar side, dorsal flexion of 
the lunate itself is restricted at 30 degrees. 
However, despite the limited dorsal flexion 
among the proximal carpal row, the distal carpal 
row continues to further dorsiflex; movement 
between the scaphoid and capitate and between 
the triquetrum and capitate, which had moved 
closely linked till that point, rapidly increase. 

A comparison of carpal bone movement 
between the radial and ulnar sides revealed that 
the change in strain at the midcarpal joint 
between the scaphoid and capitate was signifi- 
cantly larger than the change in strain between 
the triquetrum and capitate. Within the proxi- 
mal carpal row, the strain between the scaphoid 
and lunate was shown to be 1.5 times the strain 
between the triquetrum and lunate at 70 degrees 
of dorsal flexion, so a significant difference was 
noted between the two. In other words, it is 
thought that during dorsal flexion, even at the 
midcarpal joint and within the proximal carpal 
row, the ulnar side of the wrist moves more 
closely linked than the radial side of the wrist, 
and dorsal flexion force is transmitted to the 
lunate via the triquetrum more than the 
scaphoid. 

Volar Flexion 

The kinematics among each of the carpal bones 
during volar flexion differs as during dorsal 
flexion. The movement of the midcarpal joint is 
also always greater than movement among the 
proximal carpal row, in the following order: 
between the triquetrum and capitate, between 
the capitate and lunate, between the scaphoid 
and capitate, between the triquetrum and 
lunate, and between the scaphoid and lunate. 

This suggests the following about volar 
flexion kinematics. 



The volar flexion force applied to the distal 
carpal row is transmitted to the proximal carpal 
row via the midcarpal joint. The transmission 
of volar flexion force at the midcarpal joint is 
thought to be due to the shape of the surface of 
the joint at each carpal bone and friction. 
During the volar flexion, both at the midcarpal 
joint and within the proximal carpal row, the 
radial side of the wrist moves more closely 
linked than the ulnar side of the wrist. 

Consequently, the scaphoid undergoes volar 
flexion due to the shape of the surface of the 
joint between the trapezium and scaphoid, 
which is the radial part of the midcarpal joint, 
and friction, and this volar flexion force is trans- 
ferred to the lunate via the intercarpal ligament. 
However, the lunate volar flexes due to the cap- 
itate pushing on the volar side pole of the lunate 
in a similar way to dorsal flexion. The movement 
is greater between the capitate and lunate than 
the scaphoid and capitate due to the existence 
of these two types of transmission pathways. 
Furthermore, the results also suggested that 
together with this volar flexion force that is 
transmitted from the lunate to the triquetrum 
via the intercarpal ligament, a volar flexion force 
also emanates from the distal carpal row, and 
maximum movement is shown at the midcarpal 
joint between the triquetrum and capitate. 

In previous reports, the kinematics of the 
ulnar side of the wrist joint have not been able 
to be analyzed, so it was thought that movement 
on the same plane would show the same kine- 
matics in the opposite direction. However, the 
results of our study in which we analyzed the 
kinematics of the ulnar side of the wrist joint 
suggest that although dorsal flexion and volar 
flexion are movements on the same plane, the 
kinematics of each differs. 

Conclusion 

In summarizing the foregoing results of analy- 
sis, we reached the following conclusion regard- 
ing kinematics of wrist joints. 

According to the columnar theory, lunate is 
included in the central column and lunate 
moves en block with distal carpal row. However, 
in our study, in the movement of wrist joints 




402 



Biomechanics and Biomaterials in Orthopedics 



between capitate and lunate, movement of 
similar or larger magnitude was observed at 
other measurement sites. Therefore, we con- 
cluded that the columnar theory of considering 
wrist joint movement ignoring the midcarp al 
joint is not appropriate. 

On the other hand, according the ring theory, 
unlike the columnar theory, movement of the 
midcarpal joint is considered important and 
the distal and proximal carpal rows move con- 
nected with radial link and ulnar link, and 
dorsal and volar flexion show similar kinemat- 
ics with movement on the same plane. However, 
in the results of our study through movement on 
the same plane, the kinematics change accord- 
ing to the movement direction of the wrist joints 
and thus a conclusion was reached that the ring 
theory is also inappropriate. 

According to our analysis, it is extremely dif- 
ficult to analyze all the movements of the wrist 
joints under a single theory and we therefore 
reached a conclusion that the kinematics of 
wrist joints differ according to movement 
direction. 

The wrist joint movement of the inclination 
direction showed a smoother movement than 
that of the other directions. The wrist joints pas- 
sively move on the radius distal articular surface 
by external force transmitted to the midcarpal 
joint and serves as a type of bearing mecha- 
nism. It is therefore considered that the mor- 
phology of the radius distal articular surface 
which serves as base for the movement is a 
factor influencing wrist joint movement. In fact, 
in routine medical practice, when the inclina- 



tion angle of the radius distal articular surface 
is changed as residual deformation following 
fracture of the wrist joint, we have experienced 
many cases whose range of motion of the wrist 
joint became restricted and impaired daily 
living. Thus, the morphology of the radius distal 
articular surface is considered to have a grave 
effect on wrist joint movement. 
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Spinal biomechanics have been the focus of 
many studies aimed at elucidating the roles of 
anatomic structures, at analyzing the mecha- 
nisms underlying injuries, at interpreting clini- 
cal syndromes, and at defining and optimizing 
therapeutic indications. “Spinal instability” is a 
somewhat hazy concept used to explain protean 
clinical syndromes, on the basis of imaging find- 
ings that are difficult to interpret and provide 
only indirect and presumptive information on 
structural lesions. Most studies of spinal bio- 
mechanics investigated the cervical, thoracic, 
and lumbar segments separately. Recent insights 
into global spinal balance and its interrelations 
with the pelvis and lower limbs have prompted 
substantial changes in rehabilitation techniques 
and in surgical strategies and procedures. 

Spinal Instability 

The Mechanical Underpinnings of 
Spinal Instability 

The concept of spinal instability was first used 
in traumatology, primarily to explain mechani- 
cal abnormalities posited from direct evalua- 
tions of lesions on plain radiographs and CT 
scans and from indirect evaluations of adja- 
cent soft tissues. “Spinal instability” was often 
defined in somewhat unclear terms as any 
abnormality carrying a risk of secondary dis- 
placement in the “short or medium term” [1]. 
The concept of spinal instability was then 
extended to a variety of nontraumatic condi- 
tions, such as tumors, infections, and, above all, 
degenerative disease. Thus, spinal instability 
came to be viewed no longer as an abnormality 
in itself but rather as a manifestation seen in 



many conditions so that several subdivisions 
were created, including trauma-related instabil- 
ity, degenerative instability, and iatrogenic 
instability. 

Half a century ago, Knutson [2] reported that 
patients with low back pain had abnormal inter- 
vertebral mobility, both during flexion and 
during extension of the spine. This “segmental 
instability”, first described in imprecise terms 
and on the basis of anecdotal reports, has given 
rise to controversial interpretations and to con- 
siderable speculation [3,4,5]. Marked diver- 
gences in opinion continue to exist, regarding 
both experimental and clinical data. 

From the viewpoint of mechanics, a system is 
unstable if it cannot recover its initial state of 
equilibrium after being subjected to a disrupt- 
ing force. The system may either enter a differ- 
ent state of equilibrium (not necessarily 
associated with a risk of subsequent instability) 
or remain unstable. 

White and Panjabi [6] conducted experi- 
mental studies of the functional spinal unit, 
defined as two adjacent vertebras, the interven- 
ing disk, the interlocking facet joints, the 
anterior and posterior longitudinal ligaments, 
the ligamentum flavum, and the interspinous 
ligament. They found that coherence of the 
coupled elementary translational and rotatory 
movements was essential to the equilibrium of 
the system during all movements among the six 
degrees of freedom of the functional spinal 
unit. For each elemental movement (flexion- 
extension, for instance), the neutral zone is the 
region in which intervertebral motion occurs 
when the functional spinal unit is subjected to 
minimal moments (in practice, the moments 
that occur under normal conditions of spinal 
function). At each level, the neutral zone repre- 
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Table 40.1. 



Study 


L1-L2 


L2-L3 


L3-L4 


L4-L5 


L5-S1 


Bdkke 


8.6 


11 


12 


13.9 


18.6 


Piasmondon 


8.1 


11.7 


13.7 


14.3 




Tanz 


5.6 


76 


8.6 


12.2 


8.2 


Ailbrook 


6 


8 


13 


19 


18 


Clayson 


12.6 


15.8 


15.9 


17.7 


18.7 


Froning 


9 


11 


13 


16 


17 


Pearcy 


13 


14 


13 


16 


14 


Hayes 


7 


9 


10 


13 


14 


Dvorak 


11.9 


14.5 


15.3 


18.2 


17 


Begg 


10 


12 


14 


15 




Cosentino 


12 


15 


15 


11 


19 


Dodd 


13 


14 


13 


15.2 




Putto 




11.7 


12.6 


12.3 


8.9 


Panjabi 


8.2 


11.8 


12.5 


16.7 




Luk 




10.5 


12.5 


14.5 


16 


Frobin 


11.8 


13.9 


14.2 


16.4 


13.2 


White-Panjabi 


12 


14 


15 


17 


20 


Maxi 


13 


15.8 


15.9 


19 


19 


Mini 


5.6 


7.6 


8.6 


11 


8.2 



sents the “safe range of motion” of the func- 
tional spinal unit during exposure to physiolog- 
ical loads. 

There is a glaring lack of consensus about the 
criteria and methods appropriate for diagnos- 
ing instability [7-9]. The concept of segmental 
instability is frequently linked to kinematic 
abnormalities in intervertebral motion [10-14]. 
Considerable emphasis has been put on atypi- 
cal centrode position responsible for excessive 
shearing forces applied to the disk [15] and to 
abnormally small [16] or high [17-21] degrees 
of intervertebral rotation. 

White and Panjabi [6] suggested a simpler 
definition of instability as loss of the ability of 
the spine to maintain normal relations among 
vertebras during physiological loading. 

In the sagittal plane, the relative displace- 
ments of the functional units vary widely across 
individuals and with the general orientation of 
the spine. Table 40.1 illustrates the substantial 
divergences in data from the literature. The 
neutral zone increases when alterations occur in 
the structures that hold the components of the 
functional spinal unit together (binding struc- 
tures) or that limit the movements of these com- 
ponents relative to one another (restraining 
structures); examples include disk degeneration 



or rupture, joint distraction, and joint resection. 
Another cause of neutral zone increase is 
disturbance of the conditions in which these 
binding and restraining structures work 
(abnormalities in sagittal spinal balance). In 
vivo and under some experimental conditions, 
mobility is increased as compared to typical 
values, yet there is no instability: coupled move- 
ments remain coherent and the system remains 
in a state of stable equilibrium. This increased 
mobility is associated with a broadening of the 
safe range of motion. Thus “hypermobility” is 
not synonymous with “instability” [8]. 

The two vertebras in a functional spinal unit 
are connected by three “joints”: the two facet 
joints and the intervertebral area linking the 
two vertebral bodies. These joints are stabilized 
by components whose effects can be considered 
passive; some are static (shape and size of the 
vertebras and orientation of the joint surfaces 
that act as guides), and others dynamic 
(viscoelastic structures such as the ligaments, 
capsules, and anulus). Active stabilization is 
provided by the muscles, including the main 
movement-producing muscles (psoas, quadra- 
tus lumborum, erector spinae, and abdominal 
wall muscles) and the postural muscles (multi- 
fidi, interspinales, intertransversarii, and 
rotators). 

The instantaneous center of rotation of the 
functional spinal unit described by Pope and 
Panjabi [1] is located at the junction of the 
middle third and posterior third of the nucleus 
[15]. Various combinations of lesions differ in 
their effects on the position of this center. 
Lesions to anterior stabilizing structures, most 
notably disk degeneration (with intact posterior 
structures), causes the instantaneous center of 
rotation to shift backward [17]. During rotation 
and lateral bending of the trunk, the mechani- 
cal function of the posterior structures remains 
nearly normal, although the relations between 
adjacent vertebral bodies are abnormal. Con- 
versely, when the posterior structures are more 
severely altered than the anterior structures, the 
instantaneous center of rotation tends to shift to 
the anterior part of the intervertebral space. 
Rotation or lateral bending of the trunk is asso- 
ciated with frank mechanical dysfunction of the 
facet joints, which can be shown on dynamic CT 
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scans as paradoxical gaping of the facet joint on 
the side of bending or rotation [22-26]. 

Loss ofstijfness has been suggested as a better 
descriptor of instability than increased and/or 
incoherent mobility [27,28]. With progression of 
degenerative disk disease, loss of disk height 
and growth of osteophytes modify the geome- 
try of the intervertebral space and gradually 
reduce mobility. Alterations in the mechanical 
properties of tissues soften the anulus and cause 
laxity, thus reducing the stiffness of the system. 
Neither Mimura [29] nor Ebara [30] (who per- 
formed intraoperative measurements) were able 
to find evidence of restabilization. This concept 
casts instability in a new light and suggests that 
evaluating loss of stiffness maybe more relevant 
than looking for hypermobility or determining 
centrode position or length [31]. 

This biomechanical description of the stabil- 
ity of functional spinal units, which is based on 
structural characteristics and on experimental 
findings, has been confronted with physical 
findings in patients, with the goal of defining a 
“clinical instability syndrome”. However, efforts 
to characterize and interpret functional syn- 
dromes in the light of structural lesions or 
kinematic disturbances have cast considerable 
ambiguity on the term “instability” [8,32]. 

We believe destabilization and instability are 
two different situations [33]. Destabilization is 
characterized by loss of one or more of the com- 
ponents that ensure spinal stability by keeping 
the relations between vertebras within the 
neutral zone, i.e., within the safe range of 
motion at each spinal segment. Loss of these 
stabilizing components, which can be catego- 
rized as static or dynamic and as active or 
passive, can radically change the mechanical sit- 
uation of one or more spinal segments. Instabil- 
ity is only one of the possible mechanical 
consequences of destabilization. The functional 
lumbar unit is considered to be unstable when 
it shows an increase in abnormal movements. 
The movements can be qualitatively abnormal 
(abnormal coupling of forces and moments, 
abnormal acceleration) or quantitatively abnor- 
mal (increased mobility, for instance). The 
instability can be symptomatic or asympto- 
matic: pain is believed to indicate tissue damage 
occurring because a mechanical threshold has 



been reached or transgressed, causing repeated 
mechanical stress outside the neutral zone. 

General Organization of Stabilizing 
Components within Functional 
Spinal Units 

The vertebras, which are the basic components 
of the functional spinal units, are connected by 
a deformable elastic zone, the mobile spinal 
segment described by Junghans [34] and com- 
posed, from front to back, of the anterior 
longitudinal ligament, the disk, the posterior 
longitudinal ligament, the facet joint capsules, 
the ligamentum flavum, and the interspinous 
and supraspinous ligaments. 

Many theories have been put forward about 
the anatomic organization of stabilizing struc- 
tures, Roy-Camille [35] suggested that the 
stabilizing structures could be grouped in three 
vertical segments and two horizontal segments. 
The anterior vertical segment includes the 
anterior longitudinal ligament and the anterior 
part of the vertebral body; the middle vertical 
segment the posterior vertebral wall, the poste- 
rior longitudinal ligament, the pedicles, the facet 
joints with their capsules, and the ligamentum 
flavum; and the posterior vertical segment 
the spinous processes and laminae. Lesions to 
the middle vertical segment carry a particu- 
larly high risk of destabilization. The two hori- 
zontal segments are the vertebra and the mobile 
spinal segment of Junghans [34] (disk and 
ligaments). 

Denis [10] and Louis [36] each developed a 
three-column concept. Denis distinguished an 
anterior column (anterior part of the disks and 
vertebral bodies), a middle column (posterior 
part of the disks and vertebral bodies, posterior 
longitudinal ligament), and a posterior column 
(posterior ligamentous complex and facet 
joints). Louis, in contrast, differentiated an 
anterior column composed of the disks and 
vertebral bodies and two posterior columns, 
each extending along the facet joints on one 
side. The column concept is useful for analyz- 
ing segmental lesions but fails to take into 
account the major influence of the spinal 
curvatures. 
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Special Features of Spinal Structures 

Many in vivo and biomechanical studies have 
investigated the effects of the intervertebral disk 
and facet joints on stability of the lumbar spine 
motion segments [2,19,24,37-42]. Although 
degenerative processes in the disk and facet 
joints may affect motion segment function, 
little is known about the natural history 
and tendency to progression of degenerative 
lesions. 

Intervertebral Disk 

The intervertebral disk is composed of two syn- 
ergistic components. The nucleus distributes 
pressures toward the vertebral endplates and 
transmits them to the collagen laminae in the 
anulus; the elastic properties and spatial orga- 
nization of these lamellae confer shock- 
absorbing and movement-limiting properties to 
the anulus. Thus, the anulus strongly links the 
two adjacent vertebras. The anulus also preloads 
the disk, serving as a shell that maintains the 
pressure within the nucleus [43] . At rest, there 
is a balance between the strong tension from the 
nucleus that tends to separate the vertebral 
bodies and the elastic resistance of the anulus 
that opposes this tension. During flexion- 
extension and lateral bending of the spine, the 
vertebral body slides over the nucleus in a 
movement combining rotation and translation 
toward the concavity of the spine. The nucleus 
tends to shift toward the convexity. During axial 
rotation of the spine, the vertebral body rotates 
on the nucleus, decreasing intervertebral disk 
height and increasing intradiscal pressure. 

Changes in the mechanical behavior of the 
disk seen with advancing age mirror changes in 
physicochemical structure, most notably in per- 
meability to water and concentration in proteo- 
glycans, which govern the water content of the 
disk [44]. Experimental studies have shown that 
loading is associated with a decrease in water 
content and an increase in proteoglycan content 
within disks. 

Studies [45] have shown a strong osmotic 
pump effect generated by intermittent disk 
compression during physical activity. This 
pump effect promotes good nutrition and pre- 



serves the mechanical function of the disk. 
Physical inactivity halts the pump effect and the 
fluid flows it produces. 

Facet Joints and Capsules - 
Ligamentum Flavum 

The posterior facet joints, their capsules, and the 
adjacent attachment of the ligamentum flavum 
have been extensively investigated in clinical 
and experimental studies because they are 
disrupted during some surgical procedures 
(such as nerve root decompression by the pos- 
terior approach) [46-49]. 

Nachemson [50] reported that the facet joints 
carry approximately 18% of the total compres- 
sive load applied to a lumbar spine segment, 
whereas other studies [51] found percentages of 
33% to 0% depending on posture. The facets and 
laminae may carry as much as 70% of the com- 
pressive load at narrowed intervertebral disks 
[46]. Yang and King [52] found the facet loads to 
be 3% to 25% of the total load, with a maximum 
of 47%, depending on the severity of disk 
degeneration and facet joint osteoarthritis. 
Studies done after bilateral or unilateral face- 
tectomy have shown that absence of the facet 
joints plays a key role in destabilization (partic- 
ularly in patients with anterior disk lesions) 
[2,40,47]. 

As strongly emphasized by Posner [53] , the 
medial part of the surface of each lumbar facet 
joint is located in the coronal plane and the 
lateral part in the sagittal plane. The lateral part 
opposes axial twisting motions. The coronal 
part is the physical abutment that limits slid- 
ing forces, conveying them to the adjacent 
levels. Excision of the medial part of the joint 
surface (standard hemifacetectomy) reduces the 
restraining effect on sagittal translation, thereby 
overloading the remaining structures, most 
notably the disk. Excision of the posterior struc- 
tures (laminae, ligamentum flavum, capsules, 
facet joints, and posterior longitudinal liga- 
ment) induces a new anatomic situation associ- 
ated with accelerated disk degeneration [54]. 

The components of the functional spinal unit 
work together with an extraordinary degree of 
coherence. Many studies have investigated the 
prevalence of disk or facet joint lesions. Cadaver 
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studies showed that some individuals had disk 
lesions with intact facet joints or vice versa. Few 
data are available on the relation between facet 
joint osteoarthritis and lumbar stability [55,56]. 

Ligaments [57,58] 

The interspinous and supraspinous ligaments 
powerfully restrain flexion. They are virtually 
nonexistent at L5-S1. The ligamentum flavum is 
more flexible and consequently opposes less 
resistance. 

The intertransverse ligaments limit lateral 
bending and axial rotation. 

The anterior longitudinal ligament is a strong 
band and the only ligamentous restraint to 
extension of the lumbar spine. It is more fragile 
at the cervical spine. 

The posterior longitudinal ligament theoreti- 
cally limits flexion. It is strong at the neck but 
thin at the lower back. 

Posterior and Anterior Muscles 

The posterior and anterior paraspinal muscles 
play a crucial role that illustrates the interrela- 
tions linking the spine to the pelvis and lower 
limbs [34]. Improved understanding of the 
physiology of muscle chains has led rehabilita- 
tion therapists to direct their programs not only 
at strengthening the paraspinal muscles but, 
above all, at preventing contractures of the 
pelvispinal and lower limb muscle chains. 

Causes of Destabilization 

Any lesion of the spine can induce destabiliza- 
tion, which is confined to the segment involved 
but can modify the balance of the entire spine. 
Causes of destabilization include injuries (to 
bone, ligaments, or both), tumors, infections, 
iatrogenic damage, developmental abnormali- 
ties (scoliosis, spondylolisthesis), and degenera- 
tive and inflammatory disorders involving the 
bones and ligaments or the muscles (muscle 
diseases, neurological disorders). Each of these 
causes has its own distinctive characteristics. 
Nevertheless, at a given site, all destabilizing 
lesions, irrespective of their cause, induce 



similar effects: thus, infections, injuries, and 
iatrogenic lesions in a facet joint or disk, for 
instance, cause similar disturbances in spinal 
balance, although some of these lesions progress 
more rapidly than others. There are no inter- 
mediate situations: each stabilizing structure is 
either effective or ineffective. 

Many biomechanical studies have investi- 
gated relations between degenerative disk 
disease and segmental instability. In most clini- 
cal studies, no significant relation was found 
between radiographic instability and disk 
degeneration [59]. Soini et al. [60] found no 
association between abnormal angular move- 
ment on flexion-extension radiographs and 
diskogram findings suggestive of disk degener- 
ation. Murata et al. [61] reported decreased 
angular movement in patients with severe disk 
degeneration. A study by Holmes et al. [23] 
showed decreased stiffness in disks with mod- 
erate degeneration but not in disks with severe 
degeneration. Panjabi et al. [19] found that the 
neutral zones increased significantly with disk 
degeneration, especially in axial rotation and 
anterior and posterior shear motions. Degener- 
ated disks showed faster creep and less vis- 
coelastic behavior. 

Schmidt [62] found that the presence of a 
high-intensity zone on MRI scans was associ- 
ated with reduced stiffness of motion segments. 
Other investigators found no relation between 
disk degeneration and lumbar segmental insta- 
bility (Nachemson et al. [63]), Rolander [64] 
noted that beyond 35 years of age no significant 
changes occurred in the tensile properties of the 
lumbar anulus fibrosus. However, these findings 
from in vitro biomechanical studies fail to take 
into account the effect of muscles. Furthermore, 
the precision and accuracy of the measurement 
methods vary from study to study. Clinically, 
motion can be evaluated only in the sagittal 
plane, a major shortcoming because instability 
during axial rotation or torsion may be marked 
[63]. 

Several stabilizing structures can be altered 
simultaneously, producing complex situations. 
A lesion predominating in one structure 
induces dysfunction of the other structures and 
modifies the spinal curvatures. In degenerative 
spondylolisthesis, for instance, the combination 
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of vertebral slippage and facet joint lesions 
alters muscle activity and induces specific adap- 
tation of the pelvic unit that can result in a 
distinctive posture characterized by marked 
posterior pelvic tilt. Fujiwara [56] reported 
interesting relations between facet joint 
osteoarthritis and segmental instability: facet 
joint osteoarthritis showed significant negative 
associations with abnormal tilting and with 
anteroposterior translational instability, but a 
significant positive association with anterior 
translational instability. These abnormalities 
were common in patients with degenerative 
spondylolisthesis, particularly those where facet 
joints were oriented in a more sagittal plane. 
Fujiwara [56] suggested that the disk may 
lose its anterior translational stiffness with 
increasing degeneration, whereas facet joint 
osteoarthritis may limit abnormal tilting and 
anteroposterior translation. Sato et al. [65] 
reported that radiographic instability was 
detectable before the occurrence of slippage in 
patients with degenerative spondylolisthesis. A 
reasonable hypothesis is that in some cases facet 
joint osteoarthritis may counteract the instabil- 
ity associated with pre-existent disk degenera- 
tion, whereas in others it may fail to stabilize the 
motion segment, thus allowing degenerative 
spondylolisthesis to occur. 

Evolution of Destabilization 

Destabilization compromises all spinal func- 
tions: strength, limitation of extreme mobilities, 
and protection of nervous structures. There is a 
risk of neurological compromise, either in the 
short term (trauma-related lesions) or in the 
long term via development of spinal stenosis 
(caused by changes in spinal curvatures, marked 
kyphosis, and/or facet joint hypertrophy). 
Sudden displacement immediately followed by 
settling can occur in some forms of destabiliza- 
tion, for instance after a vertebral body fracture 
with damage to the disk and ligaments or a 
locked facet joint. These severe lesions (classi- 
fied type A3, type B, or type C in MagerFs 
scheme) [66] can lead to the erroneous inter- 
pretation that no further displacement can 
occur. Yet, additional and worrisome deformi- 
ties can develop gradually as a result of soft 



tissue damage and, in some cases, of poor 
healing of anterior bony lesions (Figures 40.1, 
40.2). Another example is orthopedic or surgi- 
cal reduction by the posterior route, leaving a 
disk lesion that can worsen on its own if the 
anterior defect it creates is not filled. Improved 
knowledge of these causes of delayed and 
progressive destabilization occurring even 
after posterior fixation (Figures 40.3, 40.4) has 
changed some of the indications of orthopedic 
treatment of spinal fractures (particularly at the 
lumbar spine) and has prompted the develop- 
ment of new surgical strategies involving a com- 
plementary anterior approach for mini-invasive 
grafting to fill the defects created by disk 
lesions. Other lesions cause subtle destabiliza- 
tion with a risk of gradual displacement and 
insidious progression: examples include over- 
looked serious sprains, iatrogenic damage, and 
spondylolisthesis. The displacement occurs 
little by little. In some cases, a phase of stable 
“physiological” balance is followed by a new 
“nonphysiological” balance (Figures 40.5, 40.6) 
then, finally, by true instability (with hypermo- 
bility in some cases) (Figures 40.7, 40.8) or 
“delayed and permanent settling” (Figure 40.9). 

Qualitative and Quantitative Evaluation 
of Destabilization 

Some authors have emphasized the symptoms 
and signs of instability [7,67], whereas others 
have focused on radiographic findings 
[10,12,68-71]. 

Clinical Considerations 

Few sound data are available on the clinical pre- 
sentation of segmental spinal dysfunction with 
destabilization. No clear correlations have been 
identified between specific symptoms and spe- 
cific types of instability or structural damage. 
The term “clinical spinal instability syndrome” 
has been used chiefly in an attempt to improve 
the homogeneity of functional descriptions of 
lumbar spine mechanical lesions, which are 
highly heterogeneous in their type, their 
combinations with other lesions, and their 
consequences. 
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Figure 40.1 . Nonoperative treatment after LI fracture, a Immediately after the accident, note the important destruction of the anterior cortex and 
impaction of the superior endplate with vacuum phenomenon at T12 LI disk, b Destabilization has induced instability with progressive kyphosis 
both at the bony level with progressive impaction of the anterior cortex and at the diskal level (loss of height and discal kyphosis), c Lateral dynamic 
X-ray with posterior holster: vacuum phenomenon not only at the superior T1 2 LI disk but also at LI L2 level showing a potential lesion of the infe- 
rior disk with possible deterioration later on. 
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Figure 40.2. a LI fracture treated via a posterior approach with pedicular screwing and graft, despite important anterior lesion and initial desta- 
bilisation. b Evolution two years later: progressive kyphosis due to diskal height loss at T12 L1 and LI L2 diskal narrowing. Evolution to a new 
stabilization with global thoraco-lumbar malalignment. This status cannot be considered unstable. 



“Acquired intervertebral derangement” [58] 
is a somewhat hazy concept because its symp- 
toms are nonspecific and multifactorial. Fur- 
thermore, the pain is not correlated with the 
results of quantitative evaluations of motion. 
Although the clinical evaluation can be difficult, 
some signs are highly suggestive, particularly a 
sudden and unexplained exacerbation of the 
pain and alleviation of the symptoms by 
mechanical treatments such as a lumbar, brace 
or, for the lumbosacral junction, thigh-cuff 
bracing. 

Kirkaldy- Willis and Farfan [3] suggested, in 
parallel with biomechanical and experimental 
concepts, that spinal degenerative disease may go 
through three stages defined on the basis of 
clinical and structural factors. Stage 1 is charac- 
terized by transient dysfunction, stage 2 by insta- 
bility, and stage 3 by possible restabilization. 



Stage 1 disorders [26] or dysfunction is the 
earliest phase. It can cause pain at one or more 
spinal levels or referred pain. Although the 
involved lumbar level does not function nor- 
mally, pathologic changes and clinical conse- 
quences are minimal. 

Stage 2, or major dysfunction, has been 
described mainly at the lumbar spine. There is 
general agreement that mechanical low back 
pain with pseudoradicular pain or referred pain 
[71] is typical, whereas true radicular pain is 
rare. Some patients report “axial” low back pain 
that does not extend to the lower limbs and is 
often felt to denote a “disk lesion”. Others 
present with better-defined pain more marked 
on one side and accompanied with proximal 
pseudosciatica often ascribed to facet joint dys- 
function. These two patterns of pain can coexist. 
“Dynamic catching of a nerve root” is the pre- 
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Figure 40.3. Asymetric fixation for LI fracture. This patient was treated via a posterior approach for apparently mainly bone lesions with correct 
restitution of the vertebral height. Posterior graft was not sufficient and rupture of the implant occured with progressive loss of height at T12 LI 
disk. Unfortunatly,the implants were removed without complementary fixation inducing a dramatic destabilization with evident instability atT12 
LI mobile spinal segment. 



senting symptom in some cases. Many patients 
have misleading symptoms with pain from 
extraspinal structures (the sacroiliac joint or the 
muscle and fascia of the quadratus lumborum 
or piriformis). There have been reports of ago- 
nizing but very short-lived shooting pain made 
worse by sneezing (but not by coughing or defe- 
cating) and, above all, by twisting motions of the 
trunk, which sometimes produce a cracking 
sensation in the posterior spine [50]. Position 
has a major influence: prolonged standing, lying 
down, or flexion are particularly likely to 
worsen the pain. The changes in spinal curva- 
ture induced by sitting on a high or low seat also 
cause pain. Intra- or periarticular lidocaine 
injections may have a shorter-lived effect than 
in patients with common degenerative disease. 
True instability is often characterized by a 



decrease in disk height. The anulus fibrosus 
bulges all around the disk, the ligaments and 
joint capsules are loose, and the joint cartilage 
is altered. 

Stage 3, characterized by the most severe 
degree of dysfunction, is the last stage. Restabi- 
lization is a result of fibrosis and formation of 
osteophytic abutments. In degenerative disease 
of the lumbar spine, stage 3 is often character- 
ized by restabilization or by development of 
degenerative pseudospondylolisthesis or rota- 
tory dislocation. The symptoms change, and 
pain can develop as a result of osteoarthritic 
changes in neoarticulations between the 
spinous processes. Restabilization can produce 
a new stable equilibrium, for instance when ver- 
tebral slippage in degenerative spondylolisthe- 
sis is stopped by osteoarthritic changes. Another 
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Figure 40.4. a Comminutive fracture of L2 treated via a posterior 
approach with pedicular fixation. No graft either posterior or anterior 
despite severe lesions of the vertebral body and disko-ligamentous 
structures, b Evolution four months later. Complete collapse of the 
anterior wall with major kyphosis and rupture of the posterior 
implants: evident destabilization with instability, c Treatment via a 
posterior approach (wedge osteotomy): restitution of better sagittal 
equilibrium with fusion (compression and grafting). 
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Figure 40.5. L5 SI spondylolisthesis (L5 and SI dysplasia). Note progressive displacement with final re-stabilization. In this case, no further 
significant instability. 



1 



I 




Figure 40.6. L5 SI spondylolisthesis. Note progressive destabilisation with L5 slipping and sacral retroversion. Between stage 2 and stage 3, six 
years evolution with lack of restabilization. At ultimate follow-up a new equilibrium is obtained (stable situation with poor clinical status). 
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Figure 40.8. Evolution one year after L4 L5 floating fusion with exces- 
sive distraction (anterior lumbar interbody fusion). Note L3 L4 retrolis- 
thesis and the reaction of the superior L4 endplate (evolution to MacNab 
osteophyte). Possible restabilization may be expected. 



possibility is a succession of unstable equilibri- 
ums, for instance when destruction due to a 
tumor or infection occurs more rapidly than the 
changes that tend to stop further displacement. 

Destabilization cannot be readily quantified 
based on clinical grounds because pain is a 
subjective symptom that varies across patients. 
Several scoring systems exist for monitoring the 
course in individual patient’s subjective symp- 
toms, physical findings, self-sufficiency, and 
activities of daily living. 

Imaging Studies 

The clinical instability syndrome is viewed as a 
situation in which, in the absence of further 
lesions, a physiological load induces abnormally 
marked deformation of the intervertebral space. 
Movements and loading tests induce changes in 
vertebral body alignment that are considered 
characteristic of instability. Most studies of 
abnormal movements ascribed to instability 
focused on flexion and extension in the sagittal 
plane and found two types of abnormalities: 
atypical changes in the angles reflecting end- 
plate orientation and abnormal parallel dis- 
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Figure 40.9. a L2 L3 posterior fusion, a. 1 6-month follow-up: L3 L4 discal opening and retrolisthesis could be observed, b six-year follow-up: note 
the collapse of the disk at the fused level. No real instability has occured but evolution to some restabilization (MacNab osteophytes) (arrows) asso- 
ciated with progressive anterior bridging of LI L2 level. 



placements of the vertebras, from backward 
slippage during extension from forward slip- 
page during flexion. 

Many methods are available and can be used 
to obtain a converging set of arguments. Some 
of these methods are static, others dynamic. 

Plain anteroposterior and lateral radiographs 
remain essential. Loss of disk height cannot be 
readily standardized because substantial varia- 
tions in normal disk height exists across 
individuals. Calculating the disk height as a 
percentage relative to the adjacent disk has not 
proved useful. Intradiscal vacuum phenomenon 
[72], which denotes the presence of gas within 
the disk, is usually interpreted as a sign of 
degeneration associated with a risk of destabi- 
lization. Similar images can be seen within 
articular facet joints, the spinal canal, or even in 
some cases within the vertebral endplates. 



Spondylophytes, or traction spurs, normally 
increase with advancing age. First described by 
Macnab [32], the traction spur typically arises 
2-3 mm from the vertebral endplate and juts out 
horizontally, showing no tendency to curve 
toward its neighbor on the adjacent endplate. 
Traction spurs are often accompanied by facet 
joint distraction responsible for degenerative 
pseudospondylolisthesis with loss of disk 
height. Plain radiographs can be used to evalu- 
ate the position of the abnormal vertebral 
segment relative to the overall spinal curvatures. 

Mechanical spinal function can be seriously 
affected by excessive or inadequate sagittal 
curvatures or by abnormalities in the position 
of the pelvis. Comparing the sitting and the 
standing positions can be extremely useful for 
detecting atypical angulation or translation 
seen on lateral radiographs. 
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Dynamic films are now widely used 
[62,73-75]. However, extensive experimen- 
tal and clinical studies have failed to produce 
standards of reference for evaluating dynamic 
radiographs. Although the definition of radi- 
ographic instability has generated controversy, 
several types of segmental instability have been 
described, including abnormal tilting during 
flexion, rotatory instability (exceeding the range 
of motion), and translational instability. 

Dynamic radiographs are used mainly to 
evaluate lumbar intervertebral mobilities in the 
sagittal plane [76]. The angle of rotation can be 
determined for each vertebral segment as the 
spine moves from exaggerated lordosis to 
exaggerated kyphosis. Abnormal tilting during 
flexion was first described by Kirkaldy- Willis 
and Farfan [3] as a form of segmental instabil- 
ity. However, these authors did not provide a 
defining criterion. In a study of the normal 
range of motion on flexion-extension radi- 
ographs in asymptomatic subjects, Hayes et al. 
[22] found that the mean range of motion was 
10° at L3-L4, 13° at L4-L5, and 14° at L5-S1. In 
a similar study, Boden and Wiesel [77] reported 
that the normal range of motion was 7.7° at 
L3-L4 and 9.43° at L4-L5 and L5-S1. Soini 
et al. [60] defined abnormal motion on 
flexion-extension radiographs as less than 20° 
at L5-S1 and more than 15° at higher lumbar 
levels. Murata et al. [61] defined segmental 
instability as angular motion greater than 15°. 
It has been suggested that flexion-extension 
radiographs should be taken in the recumbent 
position. Wood et al. [78] noted that taking 
the films in this position was associated with 
less pain and with stronger flexion-extension 
efforts on the part of the patients. Fujiwara [56] 
defined abnormal tilting during flexion as more 
than 3° of posterior opening. Given the consid- 
erable reading errors that occur because of the 
many obstacles to reproducibility (pain, diffi- 
culties met by patients in performing repeated 
flexion and extension), this evaluation is of 
limited usefulness, as pointed out by Dvorak 
and Panjabi [20,27]. With the classical goniome- 
ter technique, measurement error varies from 8° 
to 10° and can lead to overdiagnosis or under- 
diagnosis of abnormal rotation (Figure 40.10). 
The complex method described for determining 



angulation and translation on lateral radi- 
ographs using the Lushka uncinate processes as 
landmarks does not reduce measurement error 
[13]. In a study of radiographs obtained in two 
planes perpendicular to each other, Pearcy et al. 
[79] found that flexion in patients with low 
back pain was restricted and accompanied by 
other movements. There is a striking discrep- 
ancy between their results and those reported 
by Penning [74], who was unable to find 
evidence on anteroposterior and lateral radi- 
ographs of the abnormalities in instantaneous 
centers of rotation that have been described 
in the biomechanical laboratory. A study of 
healthy subjects conducted by Hayes [22] pro- 
duced disturbing results: angular data varied 
widely across individuals and across spinal 
levels. 

Although the term “rotatory instability” has 
been used in the literature [23,80], there is no 
consensus on the criteria for defining this type 
of instability. Only translational and sagittal 
rotation criteria have been recognized as impor- 
tant components of segmental instability [81]. 
Hayes et al. [22] found that 4 mm of translation 
occurred in 20% of asymptomatic subjects. 
However, Boden andWiessel [77] recommended 
3 mm of dynamic slip as the cut-off for trans- 
lational instability because only 5% of their 
asymptomatic subjects had values greater than 
3 mm. Many other investigators have used 
dynamic slip greater than 3 mm as the criterion 
for translational instability [39]. A study con- 
ducted in normal subjects with a negative 
history for low back [82] (pre-employment 
medical examination) found up to 8 mm of 
translation at L4-L5 (mean, 3 mm) with 2-20° of 
mobility (mean, 13°). 

Stokes and Frymoyer [75] showed that 
measurements of spinal angulation, flexion- 
extension, and translation failed to provide 
compelling evidence of instability at levels sus- 
pected of instability. Morgan and King [83] 
reported that sagittal translation varied from 3 
to 17 mm in a series of patients of whom only 
28.6% had low back pain. However, those 
patients with clear evidence of longstanding 
degenerative disease had abnormal flexion- 
extension and translation at the diseased levels, 
as compared with the other levels. 
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Figure 40.10. Classical dynamic X-rays, a Evaluation of antero-posterior translation, b Evaluation of diskal angulation (extension-flexion), 
c Dynamic X-rays associated with myelography. Diskal angulation may be measured either by using the vertebral endplate landmarks or by evalu- 
ating the relations between the anterior vertebral walls. 
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The amplitude of the translation that accom- 
panies flexion varies with many factors (includ- 
ing the conditions in which the radiographs are 
taken and the centering of the incident beam). 
Measurements of translation, in contrast to 
those of angulation, are influenced by radi- 
ograph magnification. Nevertheless the appar- 
ent anterior translation during flexion may be 
an artifact produced by the axial rotation that 
accompanies flexion-extension on lateral pro- 
jections. At lumbar level trigonometric calcula- 
tions show that 3° of rotation of a vertebra 
relative to the adjacent vertebra results in about 
1.5 mm of apparent relative displacement of the 
posterior edges, because the distance between 
the two edges of the vertebra on a lateral pro- 
jection is about 30 mm and the 3° tangent is 
around 0.05. 

The position of the axis of rotation deter- 
mines the relative amount of rotation (evaluated 
according to the angles formed by the end- 
plates) and of translation at the intervertebral 
disk. If the center of rotation remains within the 
disk, translation is minimal. On the other hand, 
if the center of rotation is outside the disk, the 
geometrical consequences of flexion-extension 
are different. 

Instability, characterized in theory by abnor- 
mal or erratic mobilities, may be detectable only 
during some phases of the passage from flexion 
to extension. In this situation, a videofluo- 
roscopy dynamic study is needed. However, this 
method is difficult to validate and is not suitable 
for routine use as it involves greater radiation 
exposure than plain radiographs and requires 
more expensive equipment [84]. These many 
measurement problems, together with the wide 
interindividual variations, probably explain the 
conclusion drawn by Stokes and Frymoyer [75]: 
dynamic radiographs can provide orientation 
when confronted to other data. 

Computed tomography (CT) is used to evalu- 
ate anatomic structures and to look for dys- 
function of the posterior spinal components. 
Twist tests can be performed to determine the 
orientation of the facet joint surfaces during 
torsion. They can show gaping or asymmetric 
narrowing of the facet joint space, or can reveal 
or create a vacuum phenomenon. Unfortu- 
nately, the values vary markedly across individ- 



uals, reproducibility of the measurements is 
poor, and the windows used cause substantial 
changes in the images. Husson [72] drew atten- 
tion to the subjective impression of joint dis- 
traction and to the asymmetry in facet joint 
surface orientation at a given vertebral level. 

Magnetic resonance imaging (MRI) detects 
alterations in the mobile spinal segment as 
incipient nucleus dehydration seen as a decrease 
in the high signal on T2-weighted images. The 
disks become gray, then black, and the demar- 
cation between the anulus and nucleus blurs, 
then disappears. A tiny area of high signal at the 
center of the posterior part of the anulus has 
been reported to correlate significantly with 
annular disruption and, in some studies, with 
low back pain [85] . These findings have not been 
replicated consistently, however. Furthermore, 
the high-intensity zone is a common manifesta- 
tion of degenerative disease in older patients. 

Modic [86] described three types of endplate 
signal changes, each corresponding to a differ- 
ent histological pattern: type 1, defined as low 
signal on T1 images with high signal on T2 
images, was correlated with inflammatory 
remodeling and increased vascularization of the 
endplates (Figure 40.11). Type 2, or high signal 
on T1 images and isointense or high signal on 
T2 images, was correlated with fatty degenera- 
tion of the vertebral body cancellous bone near 
the disk, possibly occurring as progression of 
type 1 (Figure 40.12). Type 3 (low signal on both 
T1 and T2 images) was correlated with radio- 
logical sclerosis. 

Modic did not establish correlations between 
these changes in bone marrow signal and 
disk degeneration, clinical manifestations, or 
anatomic derangements. However, changes in 
endplate signal [87] have been interpreted as 
evidence of excessive mechanical stress denot- 
ing abnormal intervertebral mobility [70]. 
Further studies are needed to evaluate the cor- 
relations between these signal abnormalities 
and destabilization. 

Consequences of Destabilization: Pain 

The source of pain throughout the natural 
history of low back pain is often unclear. 
Whether mechanical factors are the primary 
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Figure 40.1 1 . Modic 1 MRI imaging, a T1 . b T2. 




Figure 40.12. Modic 2 MRI imaging, a T1. b T2. 
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cause of the pain remains unsettled. Whereas at 
other joints degenerative lesions caused by over- 
loading are clearly correlated with pain, alter- 
ations in the segmental connecting structures of 
the spine cannot always be considered to be the 
main source of low back pain. 

The nerve supply to the spine is undoubtedly 
involved [88]. Abnormal stimulation of 
the nerve endings can cause referred pain. 
The mobile segment receives an abundant 
metameric nerve supply via the ventral and 
dorsal branches of the spinal nerves and the 
sympathetic system. The pathophysiological 
importance of the sinuvertebral nerve (aris- 
ing from the anterior branch of the spinal 
nerve) and its dural endings is undoubtedly 
underestimated. 

Only the outermost part of the normal inter- 
vertebral disk is innervated [77]. The inner disk, 
including the nucleosus pulposus, is aneural. 
Some nociceptors may remain silent, explaining 
why diskography or procedures under local 
anesthesia cause pain in only part of the abnor- 
mal disk. The posterior longitudinal ligament 
receives a rich nerve supply, as do the capsule 
and facet joint, which are innervated by three 
twigs from the posterior branch of the spinal 
nerve. The interspinous ligament and ligamen- 
tum flavum are less abundantly innervated. The 
surrounding muscles contain numerous noci- 
ceptors, of which some are sensitive to changes 
in temperature and blood flow. 

Thus, pain can arise from many structures in 
the low back, including the vertebral body, 
muscles, dura mater, ligaments, sacroiliac joints, 
facet joints, and intervertebral disks. Although 
the disk has been universally considered to be a 
source of pain, it is unclear how its relatively 
meager nerve supply could cause the severe pain 
experienced by many patients. Many chemicals 
present in the disk may be capable of stimulat- 
ing the nociceptors. Furthermore, there is 
evidence that neoinnervation can occur during 
degeneration [89,90]. Similarly, neovasculariza- 
tion is a classical finding in anulus tears [30,61]. 

Absence of an epineurium is a distinctive 
feature of the nerve roots and is associated with 
decreased resistance to mechanical stress. Fur- 
thermore, mechanical dysfunction can alter the 
flow of cerebrospinal fluid, which supplies nutri- 



ents to the nerve roots. Endoscopic studies have 
demonstrated the importance of functional 
changes in arterial and venous networks. 

Weinstein [51] and others have reported evi- 
dence that the posterior ganglion and a number 
of physicochemical factors play a role in the 
genesis of pain. Interestingly, pain referred to 
the lower limbs can have many sources 
independent from nerve root or sacroiliac joint 
disease. Mooney [4] showed that injections into 
the facet joints could cause pain in the thigh or 
in the leg down to the ankle, according to the 
intensity of the nociceptive stimulus. Diskogra- 
phy used as a pain reproduction test has yielded 
surprising results: in one study, 3% of 225 disks 
generated pain identical to the spontaneous 
pain, although their imaging features were 
normal. 

Physical nociceptor stimulation caused by 
deformities related to biomechanical alterations 
in the spinal segment directly activates free 
nerve endings. This explains the importance of 
mechanical factors in low back pain and the 
favorable effects of fusion in patients with 
segmental instability. Displacements, even those 
too small to be detected by available imaging 
techniques, can cause excessive mechanical 
stimulation of the nociceptors. Another possible 
source of nociceptor activation is variability in 
intradiskal pressure, although some clearly 
abnormal disks produce no pain during diskog- 
raphy [43]. Nevertheless, mechanical nociceptor 
stimulation cannot fully explain the develop- 
ment and perpetuation of low back pain, which 
require the involvement of suprasegmental 
factors [68]. 

Conclusions 

In patients with suspected destabilization, all 
clinical and imaging study data must be exam- 
ined carefully with the goal of finding several 
arguments that point in the same direction. A 
few clinical manifestations, confirmed in some 
cases by a local injection of anesthetic, suggest 
a mechanical disorder affecting a single seg- 
ment. However, the structural data provided 
by imaging studies often fail to provide clear 
orientation. In some cases, the analysis of 
present or potential destabilization is in favor of 
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a given conservative or surgical strategy. In 
other patients, particularly those with degener- 
ative disease, the complexity of the symptoms 
and the interrelations with the adjacent levels 
require a more global approach to the concept 
of destabilization. An important distinction 
between an isolated lesion of a bony piece or 
mobile segment (caused perhaps by an initial or 
delayed iatrogenic complication) and more 
extensive problems affecting spinal muscles, 
spinal curvature organization, and relations 
between the pelvis and spine. In this situation, 
an evaluation of the overall balance of the trunk 
is imperative. Better understanding of standing 
and sitting positions in the sagittal plane is one 
of the great challenges, for adjusting lumbar and 
lumbo-sacral fusion as well as per and preoper- 
ative planning for lower-limb arthroplasty. 

According to the literature, dynamic tests 
may be of limited clinical validity because their 
interpretation rests only on measuring trans- 
lations in angle variations to look for hyp 
ermobility. Segmental intervertebral instability 
has been defined as an abnormal and more or 
less well-orchestrated response to physiological 
stress [6]. This response depends on the 
mechanical properties of the spinal segment 
involved. It produces the clinical symptoms. 
However, a reduction in intervertebral mobility 
has been reported in low-back-pain patients as 
compared to symptom-free subjects. Neverthe- 
less, this finding is consistent with our observa- 
tions about “stiff” abnormal disks. Harmony of 
motion is more important than hypermobility. 
Harmony of motion can be assessed based on 
the extent of scatter of mobility axes. Even a disk 
with limited mobility is considered abnormal if 
there is substantial scatter in its mobility axes. 
Pain is caused by local nociceptive signals 
and by muscle contraction that fails to bend 
an immobile segment or that seeks to rebalance 
adjacent segments. “Disk hyperextension” 
occurs in the segments neighboring “stiff” 
disks: this local hyperlordosis strives to com- 
pensate for deficient posterior curving in 
the sagittal plane. Correcting the lordosis will 
improve the symptoms provided the overall 
balance of the unit formed by the spine and 
pelvis is maintained. Hyperextension of the 
spine causes pain by increasing pressures in 



posterior structures; another source of pain is 
haphazard wandering of the mobility axis, the 
muscles being unable to achieve stabilization. 

Both the development of postural films 
(particularly taken in the standing and sitting 
positions) and improvements in computed 
tomography (CT) and magnetic resonance 
imaging (MRI) have increased the precision of 
disk and joint analysis, thus opening up exciting 
new possibilities. 

Further gains in the objective evaluation of 
spinal mechanics will probably occur as a result 
of recent advances in image processing tech- 
niques (most notably involving digitization and 
definition of strict criteria for making docu- 
ments comparable). 

Sagittal Spinal Balance 

Spinal curvature abnormalities in the sagittal 
plane are widely believed to contribute to spinal 
pain syndromes. Spinal balance in the sagittal 
plane, which is a consequence of acquisition of 
the bipedal stance, varies widely across individ- 
uals, according to age, the morphotype, and 
presence of disease. Radiological parameters for 
evaluating spinal sagittal balance in the stand- 
ing position have been developed by During 
[91], and Legaye and Duval-Beaupere [92], 
who have emphasized the major influence of 
the position of the pelvis and lower limbs. A 
more comprehensive evaluation of posture can 
be achieved by studying not only standing but 
also sitting and lower limb position [93]. 

Background 

In normal individuals free of musculoskeletal 
disease, sagittal spinal balance in the standing 
position is a compromise between the position 
of the spine and the position of the pelvis and 
lower limbs. The sitting position has been less 
studied and raises important problems for 
standardization in radiological analysis. Sagittal 
spinal balance is influenced by the morphology 
of the spine and pelvis and by a number of 
functional parameters denoting adaptation to 
the erect position. In normal individuals, a 
fundamental requirement for satisfactory sagit- 
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tal spinal balance in the standing position is that 
the overall axis of gravity run through a zone of 
tolerance centered on the projection of the 
femoral heads. The distance between the overall 
axis of gravity and the line connecting the two 
femoral heads is the length of the lever on which 
gravity exerts its force on the axis of rotation 
through the femoral heads. Roussouly [15] 
reported that the overall axis of gravity is ante- 
rior to the femoral heads, at a mean distance of 
1 cm. There is general agreement that the center 
of gravity of the upper body is on the vertical 
line that runs through the center of gravity of 
the entire body. Nevertheless, this condition 
may be affected by the reference position of 
lower limbs used for the evaluation. 

A plumb line has been suggested as a useful 
tool for evaluating sagittal spinal balance on 
lateral radiographs. When held against the 
prominent C7 spinous process, the line should 
fall anterior to the thoracic curvature, posterior 
to the L3 vertebral body and near the femoral 
heads. Full-length lateral views of the spine, 
pelvis, and hips obtained in the standing posi- 
tion can be used for this study. However, Van 
Royen [94] has shown that the position of the 
plumb line varies considerably with the position 
of the hips, knees, and ankles. Consequently, this 
technique is not reliable for evaluating sagittal 
spinal balance unless a standardized position is 
used. However, standardized positions are often 
very different from spontaneous postures. 

Parameters for Evaluating Sagittal 
Spinal Balance 

The Three Classical Angles 

The classical angles used to evaluate overall 
sagittal spinal balance are the angles of lumbar 
lordosis, thoracic kyphosis, and cervical lordosis. 
Each of these angles is formed by the horizon- 
tal plane and by the vertebral endplate with the 
greatest degree of tilt relative to this plane. 

The T9 Sagittal Angle (Figure 40.13) 

This has the center of the line connecting the 
two hips as its apex, the vertical line through 
this apex as one of its sides, and the line from 




Figure 40.13. Global view of the sagittal equilibrium of the trunk. 
Definition of T9 sagittal angle and relation with sacral tilt (ST) and posi- 
tion of the pelvis. 



the apex to the center of the T9 vertebral body 
as its other side. T9 is used because it is near the 
center of gravity of the body segment whose 
weight is borne by the femoral heads; this center 
of gravity is usually located anterior to T9, its 
distance from the vertebral body being depen- 
dent on the degree of thoracic kyphosis [95]. 

Other Parameters Used to Evaluate Relations 
Between the Spine and Pelvis (Figure 40.14) 

The incidence angle (i) is a morphological para- 
meter. It is formed by the line perpendicular to 
the center of the sacral plateau and by the line 
running from the center of the sacral plateau to 
the center of the line that connects the femoral 
heads. The incidence angle varies widely across 
individuals, from -1-20° to -Hi 10° in a series by 
Roussouly [15], although most individuals have 
values around 54°. 

Sacral tilt and pelvic tilt are functional angles 
that vary with the position of the subject. Sacral 
tilt (ST) is the angle formed by the horizontal 
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Figure 40.14. Definition of sacral tilt (ST), pelvic tilt (PT), and Inci- 
dence angle (I). 

plane and the tangent to the upper surface of SI. 
Sacral tilt decreases when the upper surface of 
SI moves toward a more horizontal position, 
i.e., when the entire sacrum becomes more 
vertical and the pelvis rotates backward (as 
observed in a sitting position). In contrast, 
sacral tilt increases when the upper surface of SI 
becomes more vertical during movement of the 
entire sacrum toward a more horizontal plane 
with anterior rotation of the pelvis (as observed 
in a standing position) (Figure 40.15). Mean 
sacral tilt is 42° in the standing position and 29° 
in the sitting position. 

Pelvic tilt (PT) is the angle formed by the ver- 
tical plane and the line running from the center 
of the upper SI surface to the center of the line 
connecting the two femoral heads. Pelvic tilt is 
usually around 12°. By applying the rule of com- 
plementary angles, it can be shown that the inci- 
dence angle is the sum of sacral tilt and pelvic 
tilt I = ST + PT (Figure 40.16). Because the inci- 
dence angle is fixed in a given individual, this 
means that changes in sacral tilt are closely 
linked to changes in pelvic tilt. In a study of 
normal subjects, Legaye [92] found a chain of 




Figure 40.15. Modifications for sacral tilt (ST) during sitting and 
standing. In standing position (1),ST increases In association with ante- 
rior pelvic tilt. In sitting position (2), ST dicreases in association with 
pelvic retroversion. 



significant correlations linking lordosis, kypho- 
sis, T9 sagittal angle, incidence angle, sacral tilt, 
and pelvic tilt. 

SI overhang. It is defined as the distance in the 
sagittal plane between the center of the line con- 
necting the two femoral heads and the point on 
the horizontal line running through this center 
where the center of the upper surface of SI pro- 
jects. 

The pelvifemoral angle. Mangione et Senegas 
[96] added to the above-mentioned parameters 
the pelvifemoral angle, which measures 
extension of the hip. This angle is formed by the 
femoral axis, or a line parallel to the femoral 
axis, and by a line running from the center of 
the upper surface of SI to the center of the line 
connecting the two hips. The femoral axis is 
sometimes difficult to determine on full-length 
lateral radiographs; it is obtained by connecting 
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Figure 40.16. Illustration of the complementary angle geometrical 
construction showing that I = ST + PT. 



two points located at the middle of the diaph- 
ysis, one at the level of the lesser trochanter and 
the other 10 cm lower down. A larger pelvi- 
femoral angle indicates greater extension of 
the hips. 

Requirements for Sagittal Balance 

The sagittal posture of an erect subject can be 
modeled as a precarious construction in which 
several segments are articulated with one 
another: the trunk is articulated with the pelvis, 
which in turn is articulated with the lower 
limbs, where the hips and knees play a key role. 
Because it is flexible, the spine can adjust to 
changes in the position and shape of the pelvis. 
The system is balanced and economical when 
the level of muscle activity needed to maintain 
the posture is as low as possible. 

Analysis of the sagittal balance parameters 
described above provides information on spinal 



morphology in the sagittal plane. Tilting of the 
sacrum to a more horizontal position and 
extension of the hips are the two main changes 
observed during assumption of the standing 
position. Both changes are closely correlated 
with the spinal curvatures. Legaye, Duval- 
Beaupere [92], and During [91], have shown that 
sacral tilt and lumbar lordosis are related: in the 
standing position, a greater degree of sacral tilt 
is associated with more marked lumbar 
lordosis. 

Modifications in spinal sagittal balance for 
the standing position induces corrective 
responses (Figures 40.17, 40.18). First, the pelvis 
can rotate further around the line connecting 
the hips: the pelvis can swivel around the 
femoral heads from a position of maximum 
anterior rotation (where the pelvic tilt angle is 
negative or zero) to a position of maximum pos- 
terior rotation (where the pelvic tilt angle is 
positive). Thus, pelvic rotation denotes adap- 
tation of the pelvis to the position of the spine. 
Roussouly [15] reported that pelvic tilt could 
vary from 0° to 5° (maximum anterior rotation 
of the pelvis) to 50° (maximum posterior rota- 
tion of the pelvis). Beyond this range, no further 
adaptation can be achieved by rotation around 
the hips. However, these values are rarely 
reached because of the stiffness characteristic of 
the hips and because bony obstacles limit the 
depth of engagement of the femoral head in the 
acetabulum. 

In patients with an abnormal forward stoop, 
the pelvis rotates posteriorly around the hips to 
keep the center of gravity within the narrow 
zone of tolerance centered by the femoral heads. 
This results in constant activation of the exten- 
sor muscles, sometimes causing pain. The pos- 
terior rotation of the pelvis moves the upper 
surface of SI backward, decreasing the angle of 
sacral tilt and thereby inducing additional pos- 
terior retropulsion of the trunk. 

Analysis of sagittal balance on full-length 
radiographs provides quantitative information 
on the limits of motion determined by the 
anatomic characteristics of each individual. The 
incidence angle is a fundamental parameter 
that characterizes the pelvis in each individual. 
Because the incidence angle is the sum of sacral 
tilt and pelvic tilt, a smaller incidence angle is 
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Figure 40.17. a Modifications in sagittal balance in case of global kyphosis (as in ankylosing spondylarthritis), b Correction with monosegmental 
wedge osteotomy: side effects on pelvis and lower limbs. Excessive posterior retropulsion of the trunk may induce secondary disequilibrium due to 
inability of the hips for hyper-extension, c Secondary hips and knees flexum may be mandatory for a new equilibration. 




Figure 40.18. a Lumbo-sacral fusion with fixation including excessive sacral verticalization (low ST angle), loss of lumbar lordosis (partially due 
to L3 L4, L4 L5 disk lesion), b 12 years later, destabilization at the level above (L2 L3) with retrolisthesis and vacuum sign. Note progressive collapse 
and spontaneous fusion at L4 L5 disk level. 
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associated with a narrower range of absolute 
pelvic tilt and sacral tilt: thus the limits of 
rotation around the hips are rapidly reached, 
leaving little room for adjustment to even a 
minor spinal imbalance. Furthermore, because 
the range of sacral tilt is small, there is a ten- 
dency toward flattening of the lower back. 

Conversely, in a subject with a wide pelvis and 
a large incidence angle, pelvic tilt can increase 
considerably at the expense of sacral tilt while 
remaining within the range that can be tolerated 
by the hips. 

When hip extension is limited, the pelvis stays 
rotated anteriorly and, consequently, the angle 
of sacral tilt is larger. The degree of lumbar lor- 
dosis increases to keep the center of gravity 
above the femoral heads. This is the morpho- 
type characterized by marked curvatures. 

In contrast, when hyperextension of the hips 
is possible, the pelvis can adapt by rotating 
backward to a considerable degree, thus de- 
creasing the angle of sacral tilt and flattening 
the spinal curvatures. Mangione [96] pointed 
out that muscle contractures are more marked 
in subjects with this morphotype. 

Close correlations exist between pelvic tilt 
and sacral tilt and between sacral tilt and 
lumbar lordosis. But, in normal individuals, 
changes in pelvic tilt make only a small con- 
tribution to sagittal spinal balance. If the inci- 
dence angle is large, pelvic tilt shows little 
change, whereas variations in sacral tilt are 
more marked in proportion to the incidence 
angle. 

Analysis of a Few Specific Situations 

Sagittal Balance Disturbances in Elderly Subjects 

The decrease in lumbar lordosis seen with 
advancing age moves the center of gravity of the 
upper body forward, thus causing marked 
imbalance in the frontal or in the sagittal plane 
(Figure 40.19). Muscle abnormalities in degen- 
erative lumbar kyphosis may include weakness 
of the abdominal muscles and degenerative 
myopathy within the sacrolumbar muscles. A 
geometric factor combining disk space narrow- 
ing, vertebral body wedging, and fibrosis filling 




Figure 40.19. Typical lumbar destabilization in aging spine. Fre- 
quently, destabilization and instability are due to several problems: neu- 
rological dysfunction (Parkinson's disease or extrapyramidal syndrome); 
muscular degeneration, diskal and articular degenerative lesions. 
In such cases, the results is a "chewing-gum" spine (as often seen in 
camptocormia). 



the facet joints has been implicated. Corrective 
changes include hyperextension of the hips, 
which causes the pelvis to rotate backward, 
moving the upper surface of SI to a more hori- 
zontal position. However, the range of hip exten- 
sion is often limited by osteoarthritis in elderly 
subjects. To maintain balance, the subject flexes 
the knees while keeping the hips maximally 
extended; the balance of the spine is then 
achieved relative to the line connecting the 
knees. External rotation of the hips can con- 
tribute to improve sagittal balance by moving 
the lesser trochanter forward, thus further 
decreasing the tension on the psoas muscle and 
allowing a greater degree of posterior pelvic 
rotation. 
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c d 

Figure 40.20. Side effects of poor adjustement in lumbo-sacral fusion: fixation with a too vertical sacrum (pelvic retroversion) induces an increase 
of pelvic tilt (PT).The consequences are different according to the sagittal posture of the upper trunk preoperatively (a), postoperatively (b). In some 
cases, retrolisthesis at the upper level may occur (c). In other cases, adaptation is obtained via an antelisthesis of the upper block (d). 
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Figure 40.21. Late side effects of L4-S1 lumbosacral fusion (20 years follow-up). Disk L3 L4: reduced height of the disk in standing position (1). 
This situation induces a collapse of the L3 L4 foramen with secondary radicular pain. In sitting position (2), posterior decoaptation of the articular 
facets and better posterior opening of the disk with vacuum sign; posterior foramen size is larger. For this patient, the sitting position (with relative 
retroversion of the pelvis and reduction of lumbar lordosis) provides pain relief. 



Spondylolysis and Spondylolisthesis 

Lysis of the pars interarticularis is considereci 
to be a consequence of a stress fracture caused 
primarily by activities in the upright position, 
particularly with the spine hyperextended. The 
high prevalence of pars interarticularis lysis 
[53] in athletes supports this theory. It has been 
suggested that the lower articular process of the 
suprajacent vertebra may chisel into the pars 
interarticularis, causing the fracture. A large 
incidence angle and marked lumbar lordosis 
have been associated with an increased risk of 
pars interarticularis lysis. This is not surprising, 
as a large incidence angle is associated with 
greater sacral tilt and therefore with stronger 
shear forces. In this situation, posterior rotation 
of the pelvis may be simply a secondary correc- 
tive event. Support for this theory can be found 
in the fact that no cases of pars interarticularis 
lysis have been reported in patients who had 
never walked. 



Sagittal Spinal Balance and Lumbar Fusion 

Lumbosacral fusion combines the lower lumbar 
spine and the pelvis into a single unit that con- 
nects to the rest of the spine at L5 or L4, whereas 
the normal junction between the spine and 
pelvis is at SI. The fusion modifies the pelvic tilt 
angle, and the sacral angle, thus changing the 
functional conditions imposed on the lum- 
bosacral junction. Furthermore, substantial 
changes occur at the hips and sacroiliac 
joints. A narrow pelvis with a small incidence 
angle raises special challenges for lumbosacral 
fusion. There is no single optimal degree of 
lordosis: the value must be determined accord- 
ing to the incidence angle. If the incidence 
angle is small, a small degree of lumbar lordo- 
sis is appropriate, as decreased lumbar lordosis 
is the rule when the incidence angle is small. 
Conversely, if the incidence angle is large, the 
fusion should be adjusted to produce marked 
lordosis. 
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Figure 40.22. Lumbosacral fusion adjusted with a vertical sacrum 15 
years follow-up. Note degenerative lesions and instability at the level 
above with dynamic retrolisthesis and the poor adaptation of the hip 
with secondary flexum (sitting 1, standing 2). 



Faulty adjustment of the fusion with inade- 
quate lordosis and an excessively vertical posi- 
tion of the sacrum results in corrective changes 
including an artificial increase in lumbar 
lordosis. This increases stresses imposed on the 



mobile segment at the junction between the 
fused and unfused spine and on the sacroiliac 
joints. Rapidly progressive lesions can develop 
above the junction (disk disease, ante or 
retrolisthesis (Figure 40.20, 40.21)). Thus, 
lumbar fusion should not seek only to afford 
neurological protection or to correct segmental 
mechanics. A strong fusion is not the only goal: 
adjustment in the optimal position is essential 
[97]. 

Studies of these factors are important to raise 
awareness of the difficulties met in adjusting the 
sacrum. Optimal adjustment can be achieved by 
carefully positioning the patient and by selecting 
appropriate fixation material. Lumbosacral 
fusion can be likened to creation of a new pelvic 
vertebra whose upper endplate is the upper 
boundary of the fused unit. This changes the 
lumbopelvic parameters, including the inci- 
dence angle, the angle of pelvic tilt, and above all 
the angle of tilt of the upper endplate of the fused 
unit. When the sacrum is initially in a vertical 
position (a situation often associated with loss of 
lumbar lordosis particularly in elderly subjects), 
inadequate fusion of the sacrum in excessive 
backward rotation replicates the sitting position, 
causing deleterious effects on the sacroiliac 
joints and hips (Figures 40.22,40.23). 

Conclusions 

Analysis of sagittal balance is essential to under- 
stand several pathologies involving either spine 
or lower limbs. New parameters must be evalu- 
ated for planning lumbo sacral fusions or hip 
and knee prosthesis implantation. In-depth 
knowledge of the mechanics of the lumbo pelvic 
complex and a global view of sagittal posture 
open new fields for more accurate spinal proce- 
dures (either conservative or corrective) or for 
optimization of joint replacement. 
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Figure 40.23. Poor adjustment of lumbosacral fusion with global lumbosacral kyphosis (vertical sacrum, pelvic retroversion). Sitting (1 ), standing 
(2). This situation induces adaptative hip flexum and secondary perturbation in acetabular cup anteversion (iterative anterior hip prosthesis luxa- 
tions in this case). 
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The management of spinal deformity is evolving 
at a very rapid pace. Many of the teachings and 
tenets accepted as dogma in the recent past have 
gone the way of the medicinal leech, as our 
understanding of the natural history and biome- 
chanics of scoliosis and kyphosis has expanded. 

Abnormal spine morphology was first 
described in “De Articulaciones” of the Corpus 
Hippocraticum. Galen (AD 131-201) coined the 
terms “scoliosis, kyphosis, and lordosis.” During 
the Middle Ages, deformity evoked scorn and 
derision, disfigurement being considered the 
work of the devil. Early treatment of scoliosis 
focused on reversing the environmental factors 
believed to be causative, such as nutrition and 
dampness. Later, exercise and a bewildering 
array of external supports and distraction 
devices were prescribed. Ignorance spawned a 
plethora of bizarre management regimens. For 
example, since scoliosis is unknown in 
quadrupeds, one clinic in New York in the 1870s 
admitted children for up to two years simply to 
assure their walking on hands and knees - there 
apparently being not much in the way of uti- 
lization review back then! 

The first spinal fusion for scoliosis was per- 
formed in New York by Russell Hibbs in 1914. 
The results of fusion surgery were generally 
poor until the advent of internal fixation with 
the Harrington rod, in the early 1960s. In the 
past decade, an ever-increasing array of instru- 
mentation systems has been developed, to better 
realize the goals of improved safety, curve cor- 
rection, fusion rate, and postoperative patient 
mobilization. 

Over the last 75 years, the cause of idiopathic 
scoliosis has been sought in investigation of 
every area that could relate to the deformity. 
Research has focused on genetics, growth and 



the endocrine system, postural equilibrium and 
the central nervous system, all structural ele- 
ments of the spine, biomechanics, and collagen 
metabolism. Genetics plays an important role in 
the development of idiopathic scoliosis. It is 
eight times more common in girls, and 10 times 
more likely to be found in close family 
members. Its transmission can’t be defined in 
classic Mendelian terms, nor have the gene(s) or 
biochemical sequences been identified. Further, 
there is evidence that an abnormality exists in 
the sensory afferents or in the brain stem, dis- 
turbing the reflexes that control spinal posture. 
Whether the pathologic changes are anatomic 
or biochemical is unknown, and the etiology of 
scoliosis, while still apocryphal, is probably 
multifactorial. 

Biomechanics of scoliosis attempts to answer 
three questions in increasing order of difficulty. 

What is the position of the scoliotic rachis in 
articular facet mechanics? 

How does scoliotic curvature progress? 

What are the mechanisms that enable the 
appearance or constitution of a scoliosis? 

By limiting our discussion to so-called “idio- 
pathic” scoliosis, in other words eliminating 
scolioses due to known causes (malformation 
(congenital), neuromuscular, and dystrophic), 
we will see that the answers are already quite 
complex. 

Mechanical Situation of 
Scoliotic Rachis 

Schematically, there is a difference between 
lateral scoliotic deviations and anteroposterior 
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deviations, kyphosis, or lordosis. Mechanically, 
a scoliosis is not a simple lateral deviation. In 
reality it is a complex deformation that develops 
in three dimensions in space. The front view of 
a scoliosis on an X-ray or the side view are only 
reference points for subsequent examinations. 
Each of them is only an “oblique view” of the 
scoliotic deformation. Schematically, a triple 
deformation is observed: for thoracic curva- 
tures a lateral inflexion in the frontal plane, a 
vertebral rotation in the horizontal plane, and a 
lordosis in the sagittal plane (disappearance of 
the physiological kyphosis). On the other hand, 
a reduction of the physiological lordosis is 
observed for lumbar curvatures. It was sug- 
gested that the scoliosis was a rotary lordosis. 
All vertebrae are an extension of each other in 
the scoliotic curvature [1,2]. When the vertebral 
rotation exceeds 90°, the rachis collapses in a 
pseudo-kyphosis but, paradoxically, in this case 
the vertebra will remain an extension of each 
other. 

Three-dimensional reconstitution of the sco- 
liotic curvature using the GRAF computerized 
graphics model have enabled us to better under- 
stand scoliotic deformation, in particular the 
“top view” shows the advance of the scoliotic 
curvature in space. Scoliosis is a torsion of the 
spinal column in space [3]. This deformation is 
three-dimensional. The lateral inflexion does 
not exist in an isolated manner (as is observed 
on the normal rachis). There is always a combi- 
nation of a lateral translation of vertebral bodies 
that is the essential element, and a genuine rota- 
tion between some of them. Looking at a scol- 
iosis on a front X-ray, the rotation of a vertebra 
is defined and measured depending on the posi- 
tion of the pedicles and the spinous process. 
This is a convenient procedure for creating a ref- 
erence system; in fact, we do not measure the 
actual inter- segment rotation of one vertebra 
with respect to another; we measure a “vertebral 
torsion” combining lateral displacement and 
rotation. The unbalance produced by scoliotic 
torsion modifies the static and dynamic qual- 
ities of the spinal column and causes a collapse 
under load that shortens the trunk of the scoli- 
otic patient when standing up. Finally, there are 
junction nodes at the ends of the scoliotic cur- 
vature that are intended to compensate for the 



scoliotic curvature and allow subjects to obtain 
balance of the spinal column. The appearance of 
these junction nodes is therapeutically very 
important. These biomechanical scoliotic ele- 
ments explain interpretation errors in the 
action of the conservation treatment (kine- 
sitherapy and apparatus), and also in the sur- 
gical treatment of a scoliosis. A bipolar 
instrumentation such as the Harrington appa- 
ratus corrected the collapse under load and had 
little action on the lateral and rotational trans- 
lation. Transverse detraction (DTT) associated 
with the harrington apparatus was apparently 
illogical since it combined bipolar detraction 
with a transverse traction force bearing on the 
transverse processes on the convex side (which 
therefore tended to aggravate the rotation of 
the apex vertebra). But the DTT considerably 
improved the angular correction of scolioses. 
Why? The answer is simple: the DTT combined 
bipolar detraction with a lateral translation cor- 
rection of vertebral bodies, without action on 
the rotation. Do the new Luque instrumenta- 
tion, the Dove frame, and especially CD and its 
derivatives have a real vertebral derotation 
action and when this derotation takes place, is it 
always beneficial for compensation curvatures? 
In recent publications there is controversy about 
the derotation action of posterior instrumenta- 
tion using screws, hooks, and rods. Some 
authors estimate this derotation at 40%, others 
at 20%. In the rest of our discussion we will 
attempt to explain these divergences. 

Costal thoracic deformations that are so 
important clinically (gibbosity on the convex 
side of the curvature) with verticalization of the 
ribs on the convex side and horizontalization of 
the ribs on the concave ride, are only the conse- 
quence of the specific vertebral displacements 
described above. 

How a Scoliosis Progresses 

Mechanical Factors 

Up to about 25-30° of curvature - structural, 
vertebral, ligamentous, and muscular - defor- 
mations remain moderate and curvatures may 
stop their progress and even regress, although 
rarely spontaneously and most frequently under 
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the effect of treatment. The limit of 30° is a 
genuine mechanical threshold and beyond this 
angle, the deformation itself contains the factors 
for further progress. The muscular lever arms 
become longer on the concave side and shorter 
on the convex side in the three planes in space 
(large abdomen, transverse, and spinous 
muscles). Weight and costal pressures play an 
aggravating role. 

The Growth Factor is Obviously 
an Essential Element 

The scoliosis is progressive until bone maturity 
and then typically it stabilizes. In reality, work 
by Ponsetti [4] has demonstrated that when the 
curvature exceeds 30-40° at the end of growth, 
aggravation is possible in adults of the order of 
1° per year. The growth of a scoliotic vertebra 
occurs under abnormal mechanical conditions 
and Delpech’s law is applicable as elsewhere. 
Vertebral epiphysial growth cartilages on the 
concave side are compressed, causing the verte- 
bral body to become cuneiform and deforma- 
tion of the entire vertebra in the horizontal 
plane. According to Stagnara’s suggestive image, 
the vertebra may be compared with a tricycle 
performing a tight turn, the vertebral body 
moving to the convex side, the posterior arch to 
the concave side, and the spinous process in the 
same direction as the vertebral body. The defor- 
mation of disks is equally important: the 
nucleus pulposus is pushed out on the convex 
side; MacEwen [5] makes this an essential 
element in the irreducibility of scoliotic defor- 
mation. Vertebral growth and evolution of the 
scoliotic curvature are related and non-parallel 
as shown by the curvature defined by Duval- 
Beaupere [6]. Scoliotic curvature is aggravated 
in the final years of bone maturity, whereas 
spinal growth is practically stopped. 

The controversy concerning the subject of the 
derotation action of posterior instrumentation 
is directly related to these growth factors. In 
published statistics, all idiopathic curvatures 
of operated adolescents are normally mixed 
together (and may even be combined with those 
for young adults). It appears to us that the exam- 
iners have missed an essential concept, namely 
whether or not evolution of the scoliosis was 



recent with respect to the operation that is dif- 
ferent from the normally described concept of 
flexible curves and rigid curves. A satisfactory 
“derotation” can be made on a curvature that 
developed quickly between 11 and 13 years old 
by posterior segmentary instrumentation (in 
other words, correction of the collapse of lateral 
translation under load and inter-segmentary 
derotation of the vertebrae). 

On the other hand, the same inter- 
segmentary derotation will not be obtained on 
a flexible curvature with the same degree, but 
with an older development, operated on at the 
same age. Structural deformations, difficult to 
see on X-rays, are more important in the latter 
case. It is obvious that the derotation action 
will be even lower for rigid curvatures. We must 
also emphasize another concept. Surgical cor- 
rection by the posterior way, combining metal 
instrumentation and an arthrodesis, regardless 
of its quality, will only be really efficient if the 
subject is close to bone maturity. If arthrode- 
sis correction by the posterior way is done at 
Risser 0, the posterior arthrodesis will not 
prevent growth of vertebral bodies at the front 
and the scoliotic deformation will be aggravated 
in accordance with the crankshaft phenomenon 
described by Jean Dubousset, with the grafted 
zone tilting sideways. Arthrodesis performed 
long before bone maturity is reached must 
include both posterior and anterior arthrodesis. 
Temporary instrumentation processes without 
arthrodesis have been described to prevent 
this phenomenon for young children (MOE sub- 
cutaneous pin) when the scoliosis cannot be 
maintained by the orthopedic apparatus. Note 
that these temporary instrumentations must 
always be accompanied by a support corset 
until the final arthrodesis correction operation. 
Despite these precautions, there are many 
failures. 

What are the Mechanisms that Enable 
the Appearance and Constitution of an 
Idiopathic Scoliosis? 

Biomechanically, which is the only aspect in 
which we are interested here, Bisgard and 
Musselman’s works [7] have shown that anterior 
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vertebral structures do not appear to be respon- 
sible. However, according to Roaf [8], posterior 
structures would be inhibited. 

This phenomenon is confirmed by Deane and 
Duthie’s work [9]. According to Lindahl and 
Raedder [10], transverse structures also play a 
role. Is rotation primitive to lateral inflection, is 
it secondary or simultaneous? 

Despite the large amount of experimental 
work, including that done by Kay [11], it is still 
not yet possible to answer these questions, par- 
ticularly because the same problem arises for 
the component in lordosis. Can the primum 
movens, the driving force for the scoliotic defor- 
mation, be approached? Experimental and clini- 
cal work on the peripheral or central nervous 
system [12,13] confirms the role of the vestibule 
and balancing systems. Experimental work 
carried out by Jean Dubousset in 1987 showed 
that all lesions located in the pineal gland of the 
chicken could reproduce all vertebral deviations 
that can be seen in the child during growth 
and particularly the right or left laterality of 
curvatures. 

Other works [2,4] draw attention to the exis- 
tence of metabolic and chemical factors. In any 
case these various anomalies are related to 
genetic factors [10,14], as shown by the fre- 
quency of family forms that may reach 43%, 
factors also related to sex, as proved by the fact 
that 80% of idiopathic scoliosis subjects are 
girls. Idiopathic scoliosis also appears more and 
more as a hereditary complaint related to a mat- 
uration problem of proprioceptive sensitivity. 

Until we can answer this third question with 
sufficient certainty, the treatment of idiopathic 
scoliosis will remain symptomatic. The purpose 
of this treatment is to obtain a curvature of less 
that 30° if possible at the end of bone maturity 
[15]. Supports are the only therapeutic means 
adapted to the severity of curvatures at the 
present time: muscular re-education support, 
electric simulation support or nocturnal verte- 
bral traction support, vertebral support in the 
various orthopedic corsets and surgical 
methods (Harrington rods, Dwyer Gable and 
their more recent variants by Luque, Zielke, 
CD and its derivatives). Therefore, the biome- 
chanical chapter of scoliosis is far from being 
closed. 



Adolescent scoliosis is a fascinating topic 
which is in a constant state of evolution and 
updating of opinions and experiences. Rarely in 
medicine does a surgeon have the ability to 
make such a dramatic visible alteration to the 
structure of the human body as in scoliosis cor- 
rective surgery. Understanding the topic can 
seem a daunting challenge. With a thorough 
understanding of the basic definitions and prin- 
ciples a gradual enlightenment should hopefully 
follow. 
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Introduction 

When the decision is made to perform a poste- 
rior stabilization procedure for a thoracic or 
thoracolumbar burst fracture, pedicle screw 
fixation is a valuable assistance. Pedicle screw 
fixation of the spine, first described by Boucher 
[1] in 1959 and popularized by Roy-Camille 
[2,3] in the 1960s, has evolved through an era of 
pedicle screw and plate to today’s modern 
pedicle screw and rod system. As it offers rigid 
fixation unparalleled by other fixation methods 
enabling a reliable fixation even in a vertebra 
with posterior element defects or severe osteo- 
porosis, it has now become one of the most 
widely employed fixation devices in the field 
of spinal surgery, including spine fractures 
[4-6]. 

In surgeries for thoracic or thoracolumbar 
burst fractures, pedicle screw fixation has 
proven itself to be extremely effective and 
useful, offering the advantages of rigid fixation, 
improved segmental control, enhanced defor- 
mity correction, and reduction of the fusion 
extent in both fresh fractures and old fractures 
with deformity [7,8]. 

The purpose of this chapter is to introduce 
the biomechanical, anatomical basis and tech- 
niques of treating thoracic or thoracolumbar 
burst fractures with pedicle screw fixation. 



Anatomy and Biomechanics 

For a safe and reliable pedicle screw fixation of 
a thoracic and thoracolumbar burst fracture, a 
thorough understanding of the pedicle anatomy 
throughout the thoracic and the lumbar spine 



and of the biomechanical basis of the pedicle 
screw fixation is an absolute prerequisite. 

Pedicle Anatomy 

The pedicles in the thoracic and lumbar verte- 
brae are two short, thick processes that project 
dorsally, one on either side from the cranial part 
of the vertebral body at the junction of its dorsal 
and lateral surfaces. Medially, they border the 
spinal dura. Laterally, they are in proximity 
to the exiting nerve roots and the segmental 
vessels. Superior and inferior, they form the 
intervertebral foramina with the pedicles of the 
adjacent vertebrae, through which the spinal 
nerve roots exit. The roots traverse the foram- 
ina just inferior to the pedicles. This anatomic 
relationship puts the structures in proximity 
to dangers of injury in malpositioning of the 
screws. 

The pedicle is an oval-shaped cylinder of cor- 
tical bone filled with some cancellous bone in 
the center. The medial wall of the pedicle is 
thicker than the lateral wall and for this anatom- 
ical reason, the transpedicular screws are more 
apt to be out of the pedicle laterally than 
medially. 

The pedicle shape, dimensions, and orienta- 
tions vary from region to region [9-11]. In 
adults, the vertical diameter of the pedicle 
increase steadily from 7 mm to 15 mm going 
down from T1 to L5. The horizontal diameter 
decreases gradually from 7 mm in T1 to 5 mm in 
T5 and then gradually increases to 16 mm in L5. 
The transverse angle of the pedicles, which is the 
angle formed by the axis of the pedicle and the 
vertical line, gradually decreases from a mean of 
30° in T1 to -5° in T12 and then increases to 30° 
in L5. The horizontal angle, which is the angle 
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formed by the axis of the pedicle and the 
horizontal line paralleling the lower vertebral 
end plate, shows the greatest negative value in 
T9 and 10 (Figure 42.1. A-D). These facts are 
important guidelines for an appropriate choice 
of the screw sizes and directions of screw inser- 
tion in the intended instrumentation levels, 
especially in deformed spines where radi- 
ographic guide is made more obscure by the 
rotational or angular deformity of the spinal 
column. 

In children, the pedicles are smaller, but their 
relative dimensions and orientations are similar 
to those found in adults. As the spinal canal 
reaches 90% of adult size at the time of birth and 
reaches the adult size by the age of 2 [12], 
pedicle screw fixation may be carried out 
without dangers of causing iatrogenic spinal 
stenosis after this age. Though the pedicles are 
very small in pediatric patients, their bone is 
very plastic and the pedicles usually receive a 
screw larger than the outer diameter of the spe- 
cific pedicle by plastic deformation of the pedic- 
ular cortex when the screw is inserted slowly 
through the center of the pedicle provided that 
the pedicular cortex is not violated [13,14]. 

Biomechanics 

Among the many advantages, the greatest 
offered by the pedicle screw is rigid fixation, 
far superior to non-pedicle fixations [4-6]. 
However, obtaining such a reliable, rigid fixation 
is possible only through a sound technique, 
with a thorough understanding of the variables 
which may affect the strength of the fixation. 

The influence of various screw-related and 
insertion-technique related parameters on the 
rigidity of the fixation offered by a pedicle screw 
has been extensively studied by nondestructive 
biomechanical studies and studies measuring 
the pullout strength of pedicle screws. 

Pedicle Screw Diameter 

Generally, the pullout strength of a pedicle 
screw increases with increasing major diameter 
of the screw as long as the integrity of the 
pedicle is not violated [15,16]. The pedicles 
usually accept screws with diameters less than 



86% of the isthmic outer diameter of the pedicle 
without significant structural alterations [10]. A 
screw of a larger diameter may cause a linear 
fracture of the pedicles, but the pullout strength 
is not significantly affected. The pedicles are 
capable of receiving a screw up to 116% of the 
isthmic diameter without significant change in 
the pullout strength. Though some speculate 
that a screw with a diameter of 3. 5-4.5 is suffi- 
cient to resist any pullout force generated in the 
human body, we believe it is much more reliable 
to use a screw with a diameter of approximately 
80% of the pedicle diameter; this offers 
maximum pullout strength. 

Screw Length 

Theoretically, the pullout strength of a pedicle 
screw increases with increasing depth of inser- 
tion as the surface area of contact increases. 
Some even advocate penetration of the anterior 
vertebral cortex to obtain a bicortical fixation to 
increase the pullout strength [17]. However, 
there have been contradictory studies stating 
that the pullout strength is not significantly 
affected by the depth of insertion when the 
screw passes deeper than the posterior one half 
of the vertebral body [16,18,19]. The authors 
agree with the latter view and advocate using 
screws that penetrate 50-70% of the antero- 
posterior vertebral diameter. This apparent 
paradox is attributed to the presence of a dense 
sheet of cortical bone, the so-called neurocen- 
tral junction [19], situated in the posterior one 
third of the vertebral body at the site of former 
neurocentral synchondrosis, that makes bio- 
mechanical bicortical fixation possible (Figure 
42.2). The neurocentral junction marks the site 
of union between the centrum and the two 
neural arches which develop from separate 
primary ossification centers and unite at the age 
of 3-6 years. 

Screw Direction 

Except in the sacrum where the pedicles are 
large enough to allow a significant alteration in 
the directions of the pedicle screws to engage 
the medial anterior cortex, the upper sacral end 
plate or the ala, the optimal direction of a 
pedicle screw seems to be along the axis of the 
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Anteroposterior pedicle angle (a) and 
depth to the anterior cortex through 
line parallel to midline axis 

and pedicle axis (-• ► ) a : midpoint 
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pedicle. Though this does not significantly affect 
the screw pullout strength in most situations, 
it reduces the chance of pedicular cortical 
perforations. 

Screw Hole Preparations 

Pedicle screws offer greatest pullout strength 
when the diameter of the screw holes are as 
large as the minor diameter of the screws 
inserted, approximately 60% of the pedicular 
isthmic outer diameter [14]. When the diameter 
of the holes are smaller, screw insertion is not 
only difficult but may also cause pedicle frac- 
tures. Making a hole of a larger diameter in the 
pedicle may cause breakage of the pedicle cortex 
during the hole preparation procedure and 
reduces the pullout strength [14,20]. As to the 
method of making the screw holes, there was no 
significant difference in the pullout strength 
between holes prepared by drilling and probing 
[20,21]. However, probing seems to reduce the 
chance of damage to the pedicular cortex. 

Number of Screws 

The rigidity of fixation increases with increas- 
ing number of screws, thus being most rigid in 
segmental instrumentation where screws are 
inserted in every segment fused [5,22]. In a 
nondestructive study using porcine vertebral 
columns, the segmental screw fixation construct 
was significantly stiffer than the nonsegmental 
screw construct in all the parameters of flexion, 
extension, lateral bending, and torsion [23]. 
Though there had been enthusiasm to reduce 



the instrumentation to one side (unilateral 
instrumentation technique), the authors 
advocate bilateral instrumentation to enhance 
resistance to torsional forces. 

Transverse Links 

The addition of transverse links to bilateral seg- 
mental constructs significantly increases the 
stability in axial rotation [24-26]. A transverse 
link is more effective if placed in the proximal 
part of the construct than if placed distally. 
Two transverse links show increased torsional 
stiffness than one transverse link especially in 
longer constructs. 

Methods of Increasing the Stiffness of the 
Pedicle Screw Construct 

when posterior instrumentation with pedicle 
screws is performed on an unstable spine with 
an anterior column defect, the lack of normal 
anterior support significantly reduces the 
flexion/extension and torsional stiffness of the 
pedicle screw construct even when a very rigid 
implant is used [27,28]. In this situation the 
stability of the pedicle screw construct may be 
enhanced by restoration of the anterior defect, 
by expanding the level of instrumentation, or by 
the use of more rigid external immobilization 
postoperatively. 

Treatment Considerations 
and Indications 

The ultimate goals of treatment for a spinal 
fracture are restoration of the neurologic and 
the mechanical stability of the injured spine 
with minimal sacrifice of motion segments. This 
same principle applies to the pedicle screw fix- 
ation. When restoration of the spinal stability 
with pedicle screw fixation is contemplated for 
a thoracic or thoracolumbar burst fracture, both 
the neurologic and the mechanical aspects need 
to be considered before finally deciding on the 
combination of available surgical techniques to 
successfully accomplish the goals. 

As regards biomechanical aspects, the de- 
gree of vertebral body comminution and the 
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magnitude of local kyphotic deformity are 
the major determinants. Though modern bio- 
mechanics understand the intact spine as a 
tricolumnar structure composed of anterior, 
middle, and the posterior column, the biome- 
chanics concerning the surgical reconstruction 
of a burst fracture considers the spine basically 
as a bicolumnar structure, composed of an ante- 
rior weight-bearing column and the posterior 
tension column, whose stability is essentially 
dependent on the competence of the anterior 
column. This means that when there is resi- 
dual, unattended incompetence of the anterior 
column, the spine will continue to be unstable 
and is ultimately doomed to fail under repeated 
loading. This fact is to be always kept in mind in 
all posterior instrumentation and fusions for 
thoracic and thoracolumbar burst fractures, 
including pedicle screw fixation, which in- 
herently restores or reinforces the posterior 
column but leaves the essential anterior column 
untouched, relying for its restoration on the 
bony healing of the fractured vertebral body. 
The essence of the advantage offered by rigid 
fixation with pedicle screw fixation lies in the 
fact that the fractured vertebral body is more 
effectively protected from the detrimental 
forces until the fracture union occurs and 
becomes stable under physiologic loads. By the 
same token, when the anterior column incom- 
petence is so severe that it is not expected to 
become a competent weight-bearing structure 
by itself, a deliberate restoration of the anterior 
column is warranted. When a significant local 
kyphosis or comminution of the vertebral 
body is present, a mere posterior reduction 
and stabilization with pedicle screw fixation 
will create an anterior unsupported gap. In the 
presence of such a gap, the posterior constructs 
are destined to fail, however stiff they may 
be, not being able to withstand the flexion 
moment concentrated at the fracture site devoid 
of the anterior load-sharing structural support 
[27,28]. In these situations, elimination of 
the anterior defect either by restoration of the 
anterior column or by shortening of the poste- 
rior column is warranted. Anterior column 
reconstruction may be done by an interbody 
fusion via an anterior or a posterior route, or 
transpedicular bone grafts. 



Posterior Pedicle Screw Fixation 

Pedicle screw fixation is applicable and is indi- 
cated in all thoracic and thoracolumbar burst 
fractures in which a posterior fixation and 
fusion is under consideration. Since it offers a 
rigid fixation with enhanced segmental control, 
it is more advantageous than hooks and other 
nonpedicle fixation devices in the aspect that it 
offers a better restoration of the spinal sagittal 
contour and makes a shorter fusion feasible, 
saving more motion segments [29]. Moreover, as 
pedicle screw fixation offers a more reliable fix- 
ation in the osteoporotic spine and in vertebra 
with previous laminectomy, they are particu- 
larly advantageous in these situations. 

Though there are questions about the safety 
of pedicle screws in the thoracic and thora- 
columbar region and though pedicle screws are 
still under surveillance in the United States 
(FDA class III), when correctly placed in the 
pedicles, the screws stay out of the spinal canal 
and remain insulated from the neural elements 
by the surrounding pedicular bone, precluding 
neurologic derangement by the device. The 
authors have been using pedicle screws in 
the thoracic spine since 1988 in more than a 
thousand patients with various conditions 
including the most severe deformities and revi- 
sion surgeries, inserting probably more than 
10,000 screws. Yet, there was not a single major 
neurologic or visceral complication attributable 
to the pedicle screw fixation per se and the 
authors believe the procedure to be perfectly 
safe when performed with a sound technique 
[5,30,31,32]. 

The indications of a simple posterior stabi- 
lization with pedicle screw fixations in thoracic 
and thoracolumbar burst fractures are: 

Cord level fractures with complete paraplegia: 
Since saving the motion segments is not a 
crucial problem in this situation, a lengthy 
fusion with pedicle screws which increases the 
stiffness of the construct is a suitable choice 
as it allows an early mobilization without an 
external support. 

Unstable burst fractures without neuro- 
logic compromise when they satisfy all of the 
following. 
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Spinal canal encroachment <60% on axial CT 
or MRI. 

Local kyphosis <50 degrees. 

Without significant comminution of the ver- 
tebral body. 

Fracture less than 72 hours old. 



As these fractures will heal eventually to offer an 
anterior support, a mere posterior ligamento- 
taxis and protection from the detrimental forces 
will suffice (Figure 42.3. a-g). 

Fractures with neurologic compromise when 
they satisfy all of the following. 




Figure 42.3. a,b A 50-year-old female with LI unstable burst fracture. There was a 20° kyphotic deformity at the thoracolumbar junction, 
c Preoperative CT show 40% canal encroachment. d,e She was treated by posterior fusion with pedicle screw fixation from T1 1 to L2. Postoperatively 
kyphosis was corrected to 10°.f Postoperative CT show canal encroachment reduced to 10%. g UqmentoXam, (continued next page) 





448 



Biomechanics and Biomaterials in Orthopedics 



Spinal canal encroachment <40% on axial CT 

or MRI. 

Local kyphosis <50 degrees. 

Without significant comminution of the ver- 
tebral body. 

Fracture less than 72 hours old. 

In these fractures, a posterior ligamentotaxis 
may be tried. When there is no neurologic 
improvement, an additional direct decompres- 
sion of the neural element is necessary (Figure 
42.4. a-h). 

Established post-burst fracture kyphosis of less 
than 50° without significant neurologic com- 
promise: Though the correction of kyphotic 
deformity is negligible, most patients do well 
without further progression of the deformity. 

Senile burst fractures with pain and progressive 
deformity without significant neurologic com- 
promise: These osteoporotic burst fractures are 
best stabilized with a pedicle screw fixation as 
the pedicles are affected less by the osteoporo- 
sis than the laminae. As most of these fractures 
are without significant canal compromise, an in 
situ stabilization is usually sufficient. 

Posterior Pedicle Screw Fixation with an 
Anterior Column Reconstruction 

In pedicle screw fixation, an additional anterior 
column reconstruction is indicated when there 
is significant anterior column incompetence 
which is not expected to heal sufficiently to 
function as a stable, weight-bearing structure as 
in fractures with significant kyphosis, severe 
vertebral body comminution, and following a 
corpectomy procedure for direct decompres- 
sion of the neural elements. Though some favor 
an anterior stabilization and fusion in these 
situations, we believe a combined anterior and 
posterior column reconstruction with posterior 
pedicle screw fixation has several advantages 
over the anterior instrumentation/fusion only 
33. They are: 1) Better restoration of spinal 
alignment. When the kyphosis is severe, it is 
easier to restore a physiologic sagittal profile 
with a posterior pedicle screw fixation than with 
an anterior instrument. 2) More reliable rigid 
fixation. In osteoporotic patients, the pedicle 



screw fixation offers more reliable fixation than 
the anterior instruments holding the osteo- 
porotic vertebral bodies. 3) Increased versatility. 
Pedicle screw fixation offers a rigid fixation in 
locations where anterior instrumentation is 
difficult or needs extensive dissection (e.g., cer- 
vicothoracic junction). Though an anterior 
column reconstruction is more commonly per- 
formed through an anterior approach, a reliable 
anterior column reconstruction is also feasible 
from the posterior, by transpedicular bone 
grafting [34], by interbody fusion using the cos- 
totransversectomy approach [35], or using a 
modified egg-shell procedure [36]. In the 
former, cancellous chip grafts are added into the 
fractured vertebral body and the damaged disc 
space through the pedicles of the fractured ver- 
tebra using a narrow funnel. In the latter, the 
anterior column may be supported by a struc- 
tural graft or by autogenous cancellous graft 
tightly packed into the void in the anterior 
column. When local kyphosis is severe, a type 
of posterior closing wedge osteotomy may be 
performed through the posterior approach to 
obliterate the anterior unsupported gap. The 
advantage of the anterior column reconstruc- 
tion from the posterior in conjunction with 
pedicle screw fixation is the feasibility of a 
global fusion through a single approach, saving 
the operative time and reducing the morbidity 
of an anterior thoracotomy or thoracolum- 
botomy [33]. It also permits a direct exploration 
and repair of the associated dural tear or nerve 
root entrapment. Its disadvantage is destruction 
of the relatively intact posterior column, reduc- 
ing the posterior fusion base. However, this 
drawback may be overcome by one of the fol- 
lowing methods; 1) Saving the lamina and 
pedicle on one side. 2) By adding a bridging 
bone graft. 3) By shortening the entire posterior 
column to achieve a bony contact between the 
two laminae above and below the laminectomy. 

The indications for posterior stabilization 
with anterior column reconstruction are; 

Presence of a neurologic deficit necessitating a 
formal decompression of the neural tissue: 

Spinal canal encroachment more than 60%. 

Failure of the indirect decompression by 

ligamentotaxis 
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Figure 42.4. a,b A 32-year-old female with LI unstable burst fracture. Preoperative neurology was Intact except for bowel and bladder control. 
There was a 30° kyphotic deformity at the thoracolumbar junction, c Preoperative CT shows 60% canal encroachment. d,e She was treated by the 
posterior fusion with pedicle screw fixation from T1 1 to L2. But, she had no neurologic improvement. One week later after the posterior surgery, ante- 
rior decompression was carried out. Following the anterior surgery, her bladder control improved. fCT image after anterior surgery shows no resid- 
ual canal encroachment and anterior strut graft. g,h Postoperative 1 -year-follow-up radiographs show satisfactory maintenance of reduction. 
{continued next two pages) 
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Figure 42.4 (continued) 



Fractures more than 72 hours old. 

Local kyphosis greater than 50°. 

Significant comminution of the vertebral 
body. 

Established post-burst fracture kyphosis greater 
than 50°. (Posterior or anterior fusion alone 
in this situation is more prone to failure and 
should be treated by a global fusion.) (Figure 
42.5. a-f). 

Surgical Techniques 

Presurgkai Considerations 

Anesthesia 

For a posterior stabilization with pedicle screw 
fixation, a general anesthesia with a full moni- 
toring of vital signs including the arterial and the 
central venous pressure is preferred. As an ante- 
rior column reconstruction is often accompa- 
nied by a substantial amount of bleeding from 



the epidural vein and the cancellous bone of the 
fractured vertebral body, securing a large-bore 
central venous channel is highly recommended. 
Hypotensive anesthesia is especially helpful in 
cases where anterior column reconstruction is 
considered. When intraoperative-evoked poten- 
tial monitoring is contemplated, intravenous 
anesthesia with fentanyl and propopol is prefer- 
able to inhalation anesthesia as they affect mon- 
itoring less severely than the latter. However, 
intravenous anesthetics require a substantially 
longer time for recovery than inhalation anes- 
thetics and may even require several hours of 
ventilator care in the recovery room. 

Intraoperative Monitoring 

As we have never had a major neurologic 
complication related to the pedicle screw place- 
ment and are perfectly confident of the safety, 
we do not use intraoperative neurophysiologic 
monitoring except in cases in which the 
spinal cord is directly exposed. However, 
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Figure 42.5. a,b A 68-year-old male with a post-traumatic kyphosis and cauda equina syndrome. One and a half years prior to the visit, he sus- 
tained a burst fracture which was treated by posterior decompression and fusion, c Preoperative CT shows retropulsion of fracture fragment with 
neural compression. d,e He was treated by the posterior closing wedge osteotomy at LI and fused from T11 to L3. Postoperative one-year-follow- 
up radiographs show satisfactory maintenance of sagittal balance, f Posterior closing wedge osteotomy, (continued next page) 
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Figure 42.5 {continued) 



intraoperative monitoring of the neurologic 
function is a valuable aid to ensure the safety of 
the procedure and for keeping a record for 
possible medicolegal problems [37,38]. Al- 
though the wake-up test is a reliable monitoring 
method, we prefer motor-evoked potential or 
somatosensory-evoked potential, which can be 
more conveniently performed without extend- 
ing the operative time [39]. 

Positioning 

The ideal position for a pedicle screw fixation 
is the standard prone position with the 



abdomen hung free by means of a pad, four 
posters, or a special surgical frame to reduce 
venous bleeding. The operating table should 
be X-ray penetrable to allow the intraop- 
erative postero-anterior roentgenogram. When 
posterior column shortening is contemplated, 
care should to taken to place the osteotomy 
site over the hinge of the operating table so 
that closure of the posterior gap created by the 
osteotomy may be aided by extension of the 
operating table. For this procedure, we prefer to 
use roll pads which are flexible enough to allow 
extension of the spinal column with the table 
extension. 
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Fusion/Instrumentation Extent 

The instrumentation and fusion should be long 
enough to offer adequate rigidity of the internal 
fixation but should be minimized to that ab- 
solutely necessary to save as many motion 
segments as possible especially when the fusion 
is extended into the lumbar spine. Pedicle 
screws, which enable rigid fixation, are espe- 
cially helpful for this purpose. We prefer to fuse 
all the levels instrumented as the “rod-long, 
fuse-short” technique of long instrumentation 
and short fusion not only inflicts more extensive 
soft tissue damage and increases the risk of 
damaging healthy joints but also causes degen- 
eration of the articular cartilage of the unfused, 
immobilized facet joints within the instru- 
mented extent. In thoracolumbar burst frac- 
tures, we prefer to fuse two levels proximal and 
one level distal to the fractured vertebra, secur- 
ing four and two fixation points proximal and 
distal to the fracture both for a simple posterior 
stabilization and posterior stabilization with 
anterior column reconstruction. The reason for 
extending two levels higher into the thoracic 
spine is to increase the stiffness of the construct 
with minimum sacrifice of the valuable lumbar 
motion segments. 

Choice of Implants 

For pedicle screw instrumentation of the tho- 
racic spine, pedicle screws of smaller diameter 
than the usual lumbar screws may be necessary. 
For average-sized adults, 6 mm screws are 
usually sufficient as the thoracic pedicles are 
large enough. For children and smaller-sized 
adults whose pedicles are smaller, 4.0 mm 
screws are advisable in the upper thoracic spine 
(T 4, 5, 6) where the pedicles are smallest. Con- 
cerning the shape of the screws, cylindrical 
screws are as effective as conical screws in 
patients with normal bone quality [40]. 
However, as the fixation strength of conical 
screws is affected by the mass of the cancellous 
bone, cylindrical screws may be better for inter- 
nal fixation of the osteoporotic spine. In patients 
with a significant local kyphotic deformity or 
when posterior column shortening is contem- 
plated, use of long-arm or reduction screws may 
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Figure 42.6. a Ordinary screw, b Long arm screw. 



be helpful in gradually correcting the deformity 
[41,42] (Figure 42.6. a-b). 

Between the pedicle screw-plate and pedicle 
screw-rod systems, we prefer the rod system as 
they are easier to contour to the normal sagittal 
contour and allow more room for insertion 
of the bone grafts [43]. Among the many 
designs of pedicle screw-rod systems, we prefer 
the top open design similar to the Cotrel- 
Doubousset, Synergy, and the Diapason system 
as it is easier to connect the rod to the top 
open screws than to a side-attaching system. 
However, we believe the training and the expe- 
rience of the surgeons are the most important 
factors in the choice of implants and strongly 
recommend using the instruments most famil- 
iar to the operating staff. 

Though there is little difference in the clini- 
cal performance as to the metallurgy of the 
implants, we recommend the use of implants 
made of titanium in case a postoperative 
imaging of the spinal canal is needed. 

Posterior Pedicle Screw Fixation 

Incision and Exposure 

As the pedicle screw instrumentation needs a 
wide exposure to the tip of the transverse 
processes, the incision should be large enough to 





Pedicle Screw Fixation in Thoracic or Thoracolumbar Burst Fractures 



455 



avoid excessive retraction on the paraspinal 
muscles to prevent myonecrosis. For a thoracic 
fracture, the usual incision spans from the upper 
end of the spinous process two levels above the 
uppermost pedicle instrumented in the thoracic 
spine to the lower end of the lamina of the lowest 
instrumented vertebra. It is advisable to take an 
intraoperative roentgenogram to confirm the 
spinal levels in the course of the exposure to 
prevent errors of operating on wrong levels. 

The spine is exposed in a standard fashion 
with an electric knife, staying strictly sub- 
periosteal to reduce bleeding. The vertebrae 
instrumented are exposed to the tip of the trans- 
verse processes bilaterally. Care should 
be taken not to disturb the facets adjacent to the 
uppermost pedicles instrumented during the 
exposure as damage to the facets may result in 
postoperative pain and late instability. On com- 
pletion of the exposure, the facets within the 
intended fusion extent are destroyed by inferior 
facetectomy with thorough removal of the 
articular cartilage to promote intra-articular 
arthrodesis. After the facet preparation, 
pedicle fixation is begun by preparation of 
the pedicle entry sites. In the thoracic spine, the 
pedicle entry point is at the junction of the supe- 
rior margin of the transverse process and the 
lamina (Figure 42.7. a-b). In the lumbar spine, 
the point is at the junction of a line drawn 
through the middle of the transverse process 
and the lateral margin of the facet joint (Figure 
42.8. a-b). The presumed entry sites are decorti- 
cated with a rongeur to expose the cancellous 
bone overlying the pedicles to facilitate inser- 
tion of the guide pins for the pedicle screws. In 
the lumbar spine, in addition to the entry sites, 
transverse processes and the lateral aspect of the 
facet joints are decorticated at the same time. 
They are to be decorticated before the insertion 
of the pedicle screws as it is difficult to perform 
a reliable decortication in these bone bases with 
the screws in place. Decortication of the lumbar 
transverse processes should be started from the 
tip towards the base as decortication weakens 
this very weak bony process. Taking the reverse 
direction often results in fracture of the trans- 
verse process, reducing the bone base available 
for lateral intertransverse fusion. We prefer to 
insert pedicle screws even in the fractured verte- 




Figure 42.7. Pedicle entrance point in thoracic spine a Antero- 
posterior view, b Lateral view (Redrawn from ref. 28). 




Figure 42.8. Pedicle entrance point in lumbar spine a Antero- 
posterior view, b Lateral view (Redrawn from ref. 28). 





456 



Biomechanics and Biomaterials in Orthopedics 



bra for a simple posterior fusion as such seg- 
mental instrumentation increases the stiffness 
of the pedicle screw construct. However, as there 
is always a possibility of residual neurologic 
compromise that might need a direct decom- 
pression of the neural elements, we put a short 
screw that passes just a few screw turns into the 
pedicle on one side of the fractured vertebra so 
that the pedicle screws do not become an obsta- 
cle for an anterior decompression and recon- 
struction. For fractures subjected to an anterior 
column reconstruction from the posterior, we do 
not put pedicle screws in the fractured vertebra 
as corpectomy and reconstruction becomes very 
difficult with the screws in the pedicles. 

Pedicle Screw Insertion 

Following the preparation of the entry sites the 
pedicle screws are inserted segmentally into the 
vertebrae within the fusion extent in the follow- 
ing manner. 

Step 1: Insertion of the guide pins. Guide pins, 
about 15 cm long, made from K-wires are 
inserted shallowly into the exposed cancellous 
bone at the presumed pedicle entry point by 
means of a mallet. To facilitate interpretation of 
the relative position of the guide pin tips on the 
intraoperative roentgenograms, the guide pins 
are directed along the axis of the pedicle in the 
frontal and the sagittal planes. Following inser- 
tion of guide pins on one side, guide pins of a 
different diameter are inserted on the opposite 
side pedicles to avoid confusion in reading the 
intraoperative roentgenogram. 

Step 2: Confirming the entry point and screw 
direction. With the guide pins placed in the 
presumed entry points, intraoperative PA and 
lateral roentgenograms are taken to determine 
the relationship between the presumed entry 
point and the ideal entry point identifiable on 
the X-ray, and to determine the direction of the 
screws. Considering the transverse angle of 
the pedicles in the thoracic and thoracolumbar 
spine, the ideal pedicle entry point (IPEP) in a 
neutrally rotated vertebra is at the junction of 
the line parallel to the lower or upper end plate 
bisecting the pedicle and the lateral margin of 
the pedicle ring shadow on a PA film (Figure 
42.9. a-b). In rotated vertebrae, as found in sco- 
liosis, the pedicle on the side of the rotation 



assumes a more medial position than neutrally 
rotated vertebra relative to the lateral border of 
the vertebra, whilst the opposite side pedicle 
becomes relatively more laterally situated. 
Naturally, the IPEP on the rotated side (convex 
side in scoliosis) moves more medially while the 
IPEP of the opposite side (concave side in 
scoliosis) moves more laterally with increasing 
amount of rotation. 

On the lateral view, the IPEP is situated at the 
junction of the line passing through the axis of 
the pedicle and the posterior border of the facet 
joints. Screw direction is determined on the 
lateral X-ray. Ideally, it should be along the axis 
of the pedicle, sloping about 10 ° cranially in the 
thoracic and the upper lumbar spine. However, 
in clinical practice, insertion of the screws par- 
allel to the superior end plate of the vertebra is 
preferable to prevent possible penetration of the 
pedicle screws into the disc space superior to 
the instrumented vertebra. 

Step 3: Pedicle entry. After determining the 
ideal pedicle entry point and the direction, the 
entry hole is made with an awl, and the hole is 
deepened with a small diameter drill or a small 
curette, taking into considerations the normal 
transverse angle of the pedicles for the particu- 
lar level. After passing the pedicle, the drill or 
curette meets some resistance as it traverses the 
dense sheet of bone in the neurocentral junc- 
tion. Over the past several years, various 
methods of confirming a safe passage through 
the pedicles have been introduced. Probing, 
arthroscopic examination of the hole by insert- 
ing a narrow scope into the hole [44], measur- 
ing the electrical resistance by means of an 
electrode placed in the hole [45], and measur- 
ing the electrical resistance of the inserted 
screws [46] are among many methods. We use 
probing to check the entry as a minor pedicular 
cortical breakage that might occur during 
pedicle entry does not significantly affect the 
safety or the strength of fixation of a pedicle 
screw. A safe entry is confirmed when the probe 
hole is globally surrounded by bone and meets 
resistance in all directions, especially when 
there is a feeling of the spongy cancellous bone 
giving way to the pressure exerted by the probe 
at the far end of the hole. 

Step 4: Hole preparation. Deep drilling is per- 
formed following the probe path using a drill bit 
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Figure 42.9. Intraoperative roentgenogram, a PA roentgenogram, b Lateral roentgenogram. 



with a diameter the same as the minor diame- 
ter of the screw used. When there is a large 
discrepancy between the sizes of the pilot 
drill/curette and the final drill, the hole is 
enlarged by using larger diameter drills sequen- 
tially. We do not usually tap the hole, but for 
some implants, tapping of the hole prior to 
insertion of the screws may be necessary. 

Step 5: Screw insertion. The screw is inserted 
after reconfirming the bony containment of the 
drilled screw hole with a blunt probe. When 
starting to insert the screw, it is absolutely nec- 
essary to turn the screw with a very gentle force 
so that the screw follows the predrilled path. 
Undue force at the beginning may misdirect 
the screws in the wrong direction especially in 
the osteoporotic spine where cortical bone is 
very weak and offers little resistance. When 
inserting the screws, the general alignment 
and depth of the screws should be taken into 
consideration as misaligned screws make rod 
attachment extremely difficult. When a screw 
seems strangely out of alignment compared to 
other screws, most probably the screw is not in 



the pedicle properly. When the screws are not in 
the pedicles, they are not only useless as reliable 
anchors but also very dangerous, being in prox- 
imity with the neural elements medially and 
inferiorly and the great vessels anteriorly. This 
requires re-placing the mispositioned screw 
exactly in the pedicles. If this is not possible, it 
is much safer to remove the screw than accept a 
potentially hazardous screw without any func- 
tion. The depth of the screws are also very 
important as it is extremely difficult to attach a 
rod to the screws when there is a large discrep- 
ancy. As turning the screw backwards increases 
the risk of screw loosening, the screws should 
be inserted a little shallowly at first and then 
adjusted after completion of screw insertion on 
the particular side. 



Rod Insertion 

Following the segmental screw insertion, the 
rods are attached to the screws. The rod should 
be long enough to allow reliable locking with 
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the screws at both ends of the construct but not 
long enough to touch the unfused adjacent facet 
joints or hinder the motion of the unfused 
segments. The rod is contoured to the normal 
sagittal contour of the segments instrumented. 
Though the thoracolumbar junction is relatively 
flat, we prefer to add a slightly exaggerated 
sagittal curve to prevent potential junctional 
kyphosis. 

Ligamentotaxis 

After placing the rods on both sides, ligamento- 
taxis [47] is routinely performed to reduce the 
fracture fragments. In patients without a signi- 
ficant facet joint instability, the facet joints act 
as a fulcrum and the compression force over the 
fracture site via the pedicle screws attached to 
the normal sagittal contoured rod generates dis- 
tractive force on the anterior column, effecting 
some reduction of the fractured fragments by 
tension in the longitudinal ligaments and the 
outer annulus. When there is significant facet 
joint destruction, the facet joints are unable to 
act as a fulcrum to the posterior compression 
force and the whole fractured vertebra may 
collapse under a compressive force, with risk of 
worsening the canal encroachment. In this situ- 
ation, the pedicle screws are locked in situ over 
the fractured segment with some compression 
over the relatively intact segments. Though 
some advocate distraction over the fracture site 
for reduction of the fracture fragments in this 
situation, we believe distraction in the presence 
of a significant facet instability will lengthen the 
spinal column, producing an unsupported gap 
which increases the risk of implant failure: we 
are strongly against this idea. 

With all the screws tightened, an intraopera- 
tive lateral roentgenogram is taken to confirm 
the restoration of the normal sagittal contour. 
When the result is acceptable, the rods are 
connected by cross links. On completion of 
the instrumentation, posterior fusion is carried 
out after a wide decortication of the laminae 
and addition of the local bone gained during 
the operative procedure. When the amount of 
the local bone is not sufficient, allograft is 
added to expand the graft volume. The wound 
is then closed tightly in the usual manner 



after careful hemostasis. Suction drains are 
not used as they only increase postoperative 
bleeding. 

Posterior Pedicle Screw Fixation with 
Anterior Column Reconstruction 

Posterior Pedicle Screw Fixation with 
Anterior Decompression/Stabilization 

For cases for anterior decompression and fusion 
through an additional anterior approach, the 
posterior procedure is identical to the simple 
posterior stabilization. On completion of 
the posterior procedure, the anterior procedure 
is carried out. It may be done in the same anes- 
thesia or later as a staged surgery. In the usual 
patient, we prefer to do the anterior surgery in 
the same anesthesia as it reduces the morbidity 
of repeated anesthesia and the duration of the 
hospital stay. 

Posterior Pedicle Screw Fixation with 
Transpedicular Bone Graft 

When transpediular bone graft is chosen for the 
anterior reconstruction, a pedicle in the frac- 
tured vertebral body is used to place the auto- 
genous cancellous bone graft into the fractured 
vertebral body and the damaged disk space. 
After placing the bone grafts, a pedicle screw is 
inserted into the hole used for the bone graft 
and posterior fixation procedure is carried out 
in the usual manner. 

Posterior Pedicle Screw Fixation with 
Corpectomy/Anterior Column Reconstruction via 
the Posterior Approach (Posterior Vertebral 
Column Resection) 

The procedure [42,48] is identical to the poste- 
rior pedicle screw fixation until the pedicle 
screw insertion stage except that pedicle screws 
are not inserted into the fractured vertebral 
body. Then the procedure is carried out as 
described below. 

Step 1: Laminectomy, A total laminectomy of 
the fractured vertebra is performed using a 
small-bore Kerrison punch. The laminectomy 
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should be very careful especially in patients 
with a lamina fracture as there might be entrap- 
ment of the neural elements between the frac- 
ture fragments. When dural laceration is present 
it is repaired primarily or with a dural graft. The 
ligamentum flavum beneath the adjacent supe- 
rior and inferior laminae is also removed during 
the procedure to prevent compression of the 
neural elements which might occur with short- 
ening of the vertebral column. 

Step 2: Foraminotomy, The bony roof of the 
neural foramina superior and inferior to the 
pedicles of the fractured vertebra is removed 
totally with a Kerrison punch to fully expose 
the exiting nerve roots. In the thoracic spine, 
opening up the superior foramina should be 
accompanied by complete removal of the supe- 
rior articular facet that lies deep to the lamina 
of the superior adjacent vertebra as leaving a 
loose bony fragment in the spinal canal may 
increase the risk of neurologic compromise with 
shortening of the vertebral column. 

Step 3: Transverse process/rib resection. To 
isolate the pedicles, an osteotomy is performed 
at the bases of the transverse process of the frac- 
tured vertebra. With a blunt elevator in the 
osteotomy site and dissecting downward, the 
lateral aspect of the pedicle and the vertebral 
body is readily exposed in the lumbar spine. In 
the thoracic spine, the osteotomy leads to the 
costotransverse joint. To expose the lateral 
aspect of the vertebral body, the rib head is 
removed totally by an osteotomy at the costo- 
transverse junction and disarticulation of the 
costovertebral joint. In removing the rib, care 
should be taken not to injure the pleura. When 
the pleura is inadvertently opened, it is to be 
closed. 

Step 4: Pedicle resection. With the pedicles iso- 
lated, the pedicles are resected with a narrow 
osteotome making a circumferential osteotomy 
around the base of the pedicles taking care not 
to injure the exiting nerve roots above and 
below. The resected pedicles are taken gently 
out, releasing the soft tissue attachments with a 
Penfield freer. 

Step 5: Corpectomy. Corpectomy is begun by 
removing the cancellous bone of the fractured 
vertebral body through the base of the resected 
pedicles with an angled curette. When enough 



cancellous bone is removed through the pedi- 
cles from both sides, the channel created will 
meet at the center forming a tunnel with the 
posterior wall of the vertebral body as the roof. 
The tunnel is enlarged by removing more can- 
cellous bone anterior and laterally, leaving 
only the cortical portion of the vertebral body 
like an eggshell. At this point, a short rod is 
connected to the screws spanning the fracture 
site to endow temporary stability to the verte- 
bral column. This temporary stabilization is 
extremely important as the spine becomes very 
unstable after the destruction of the cortical 
shell and inadvertent translation of the verte- 
bral column may occur. Following this tempo- 
rary stabilization, the remaining posterior wall 
is imploded into the void created in the verte- 
bral body by means of a downward curette and 
removed by means of a pituitary forcep. After 
removing the posterior wall, the damaged 
endplate and the intervertebral disc is resected 
with an osteotome and pituitary forceps until 
the endplate of the adjacent vertebral is ex- 
posed. It is crucial to excise the damaged disk 
as the fractured fragments usually have some 
attachment to the annulus fibrosus and cannot 
be completely removed without a formal dis- 
cectomy. When superior and inferior endplates 
are both damaged, both endplates and the disks 
are resected to expose a reliable bone base for 
fusion. In patients with significant kyphosis in 
whom posterior column shortening osteotomy 
is planned, the remaining lateral walls of the 
subject vertebra are resected by means of a 
narrow osteotome. 

Step 6: Anterior column reconstruction. The 
anterior column reconstruction may be done 
by tightly packing the autogenous iliac cancel- 
lous chip grafts or by insertion of a structural 
graft such as an autogenous iliac strut graft or a 
titanium mesh cylinder. When the anterior 
gap is small as in posterior column shortening 
osteotomy, we just pack the gap tightly with can- 
cellous chips. When the gap between the supe- 
rior and inferior bone base is substantial, we 
prefer a titanium mesh filled with morcellized 
autogenous bone from the vertebral body and 
the iliac crest as taking a strut from the poste- 
rior iliac crest is more difficult than from the 
anterior. After measuring the size of the bone 
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defect, an appropriate-sized titanium mesh is 
inserted into the gap. When the nerve roots are 
in the way, in the thoracic spine we choose to 
sacrifice a nerve root rather than retracting it as 
a thoracic root is not crucial and retraction of a 
nerve root may exert tension on the spinal cord. 
However, in the lumbar spine, as all roots are 
very important, they are retracted gently to 
provide room for the mesh. The mesh is 
impacted deeply into the gap, ideally to rest in 
the anterior and middle third of the vertebral 
body. It is important to place the structural 
support anterior to the vertebral axis of rotation 
to effectively resist the flexion moment. On 
completion of the procedure, rods contoured to 
the desired sagittal contour of the instrumented 
segments are inserted into the opposite side 
screws. Then the screws are locked with com- 
pression over the mesh. With the rod locked 
in position, the temporary stabilizing rod is 
changed to a contoured longer rod and is 
inserted onto the screws. These are also locked 
in position with compression over the mesh 
cylinder. 

When anterior reconstruction is complete, an 
intraoperative PA and lateral roentgenogram is 
taken to confirm the position of the mesh cylin- 
der. With an acceptable spinal realignment and 
mesh position, cancellous chips are added 
beside the mesh cylinder and are tightly packed 
in position. 

Following decortication of the posterior ele- 
ments, a posterior fusion is performed using a 
broad sheet of cortical bone from the iliac crest 
to bridge the posterior defect. Then the wound 
is closed in the usual manner over double 
suction drains. 

Aftertreatment 

For both the simple posterior stabilization and 
the posterior stabilization with an anterior 
column reconstruction, the patient is allowed to 
sit with bed elevation on the first postoperative 
day. Ambulation is started on the second or 
third postoperative day with a custom-made 
TLSO, which is to be kept for three months. The 
patients are allowed to perform daily activities 
with the brace and are sent back to work by the 
first postoperative month. 



Complications 

Pedicle screw fixation is a safe procedure with 
very few complications when performed prop- 
erly. [32] However, potential complications such 
as the following may occur. 

Neurologic complications; may be caused by 
misplaced pedicle screws. However, complica- 
tions related to pedicle screws may be prevented 
by strictly adhering to the proper technique pre- 
viously described. Of more than 10,000 pedicle 
screw placed in the thoracic spine, we did not 
have a single major complication attributable to 
the pedicle screw placement. 

Bleeding; vascular injury due to misplaced 
screws are extremely rare and are preventable 
by strictly adhering to the proper screw inser- 
tion technique. 
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Introduction 

The main purposes of spinal instrumentation 
are restoration of stability in an inherently 
unstable or surgically destabilized spine, and 
correction and maintenance of spinal deformi- 
ties via forces effected by the instrumentation 
[1-6]. Spinal instrumentation may be, at large, 
divided into anterior instrumentation and pos- 
terior instrumentation by the element of the 
vertebral body utilized to fix the implant to the 
vertebral column. Those fixing the anterior 
column (usually the vertebral body proper) are 
considered anterior instrumentation while 
those fixing the structures of the posterior 
column (lamina, facets, pedicles) are considered 
posterior instrumentation. 

Though there are many factors which may 
affect the choice of the instrumentation method 
for a specific spinal problem, the two most im- 
portant factors seems to be the location of the 
pathology causing the instability or the defor- 
mity and the experience of the treating surgeon. 

An anterior instrumentation is indicated 
when the spinal pathology or the instability is 
located predominantly in the anterior column. 
However, anterior instrumentation may be dif- 
ficult to apply when it is necessary to incorpo- 
rate a large number of spinal segments or when 
the instrumentation needs to span across the 
cervicothoracic, the thoracolumbar, or the lum- 
bosacral junction due to the complex anatomy 
of the junctional regions. 

By the same token, a posterior instrumenta- 
tion is indicated when the spinal pathology or 
the instability is located predominantly in the 
posterior column. Though a pathology or insta- 
bility arising from the posterior column is rare. 



posterior instrumentation is more commonly 
used than anterior instrumentation. This is due 
to the fact that the posterior approach is more 
often employed than the anterior approach in 
the practice of spinal surgery due to its relative 
ease, extensibility, and lower risk of a major 
visceral injury, which subsequently makes the 
instrumentations in the posterior column more 
frequent [7]. 

The purpose of this chapter is to introduce 
the biomechanical basis of posterior instru- 
mentation techniques and to offer a guideline 
for an appropriate choice of technique or tech- 
niques for various spinal conditions subject 
to stabilization or correction by posterior 
instrumentation. 

Implant Characteristics 

Materials 

The biomechanical characteristic of a spinal 
implant is often governed by the material prop- 
erties of the implant. Modern spinal posterior 
implants are usually made of metal, either in 
pure or in alloyed forms. Metal is superior to 
other materials as spinal implants in the aspects 
of its mechanical strength, relative ease of shap- 
ing, possibility of obtaining uniform material 
property throughout the whole implant, and for 
mass production. 

Metals commonly used for spinal implants 
are pure unalloyed titanium, Ti-6A1-4V, 316L 
stainless steel, 22-13-5 stainless steel, cast Co- 
Cr-Mo, and Vitallium, which is also a Co-Cr 
alloy [8]. Though pure titanium and the tita- 
nium alloys have a lower modulus of elasticity 
(less stiffness) than the stainless steel or other 
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Co-Cr alloys, they have the advantage of pro- 
ducing less distortion of CT or MR images [9]. 
As they allow improved postoperative radiolo- 
gical examination of the spinal canal, they are 
presently increasing in use as spinal implants 
(Figure 43.1). 

Design 

The usual posterior spinal implant is composed 
of anchoring members, longitudinal members, 
a kind of component- component connecting 
mechanism to connect the anchoring members 
to the longitudinal members, and the transverse 
members to cross-link the longitudinal 
members. 

Anchoring Members 

The anchoring member is the part of the 
implant system that grips the bony structure of 
the spinal column and transmits the force 
effected by the instrumentation to the spinal 
column. As this component comes directly in 
contact with the bone, there forms a bone- 
component interface. Anchoring members for 
the posterior spinal instrumentation may be 
divided into a penetrating type and a gripping 
type by the form of their bone-component 
interface. 

Penetrating-type anchoring members are 
those engaging the bone by penetration into the 
bony structure. They make an important com- 
ponent of the cantilever constructs. By the 
alteration of the component-component con- 
necting mechanism, they may act as a fixed 
moment arm, non-fixed moment arm, or an 
applied moment arm cantilever beam (Figure 
43.2). Penetrating anchors are divided into two 
groups; those with pullout resistance and those 
without pullout resistance. However, penetrat- 
ing anchors without pullout resistance, called 
the “posts”, are seldom, if ever, used alone in 
posterior implant systems [8]. Penetrating 
anchors with pullout strength comprise screws 
and smooth posts that change shape to offer 
pullout resistance after penetration into the 
bone. In present practice, screws are the most 
commonly employed penetrating anchors in 
posterior instrumentation [10]. 



Screws are presently used in the posterior 
instrumentation system for fixation in the 
pedicle [6,11], cervical lateral mass [12], sacral 
ala [13], and iliac wings [14]. They have gained 
more popularity in recent years as they offer a 
rigid vertebral grip which is stable immediately 
after the insertion without need of a force 
loading and enable reliable fixation in the pres- 
ence of posterior element defects which preclude 
the use of gripping types of anchors. But in some 
situations, employing a penetrating-type anchor 
may be difficult due to the complex anatomy of 
the region and risks of causing a major neural 
element or vascular damage [11,15]. 

Screws used for posterior instrumentation 
may be a cortical or a cancellous type. However, 
the fact that the parts of the vertebra which 
engage the screws, including the pedicles, 
are composed of cancellous bone, the use of 
cancellous-type screws is more common [16]. A 
screw is made up of five parts: head, core, 
thread, tip, and the neck that connects the screw 
head to the core (Figure 43.3). The screw head 
is the part of the screw opposite the tip and 
functions as the receiving port to the inserting 
device. Its main biomechanical function is to 
resist the inward translation force generated by 
the rotation of the screw at the terminal phase 
of screw tightening. When the screw is designed 
to tighten against a metallic implant, for 
example a plate, the implant will offer a sub- 
stantial resistance to pull-through and the screw 
head needs to be just so big so as not to pass 
through the screw hole. On the other hand, if the 
screw is designed to tighten against the bone, 
the screw head must be substantially larger to 
offer an effective resistance to pull-through. 

The screw core is the part of the screw from 
which the threads arise. Biomechanically, it pro- 
vides the strength of the screw per se and resists 
bending and torsion moments acting on the 
screw. Since screws are frequently subject to 
bending moments in posterior instrumentation, 
the bending strengths of screws have significant 
clinical importance. The bending strength of a 
screw is proportional to the section modulus (Z) 
that is calculated as Z = 7tD^I32, in which D is the 
core diameter of the screw. As the section 
modulus changes by the cube of the change in 
the core diameter, even a slight alteration in the 
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Figure 43.1 . a,b A 28-year-old male with an unstable bursting fracture of LI . c,d He was treated by posterior instrumentation with pedicle screws 
made of titanium alloy. e,f Postoperative sagittal and axial MRI show little metallurgic artifact, allowing view of spinal canal, (continued next page) 
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Figure 43.2. Cantilever beam constructs, a Fixed moment arm 
cantilever beam construct, b Non-fixed moment arm cantilever beam 
construct, c Applied moment arm cantilever beam construct. 
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Figure 43.3. A screw and its five parts.The screw is composed of head, 
core, thread, tip, and neck. 
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Figure 43.4. Thread depth and pitch. 




Figure 43.5. Screws of various design. (A) Conical cancellous type 
screw. (B) Cylindrical screw with tapered conical core. (C) Cylindrical 
screw. 



core diameter greatly affects the bending 
strength of the screw. This implies the impor- 
tance of using a screw of the largest permissible 
diameter when using screws as anchoring 
members [17]. 

The screw thread is the part of the screw that 
provides the pullout resistance against a force 
directed along the long axis of the screw. As the 
pullout strength of the screw is proportional to 
the volume of the bone between the threads, the 
pullout strength is affected by the major diam- 
eter of the screw, thread depth, and pitch, which 
is the distance between two threads (Figure 
43.4). The cancellous-type screws used in poste- 
rior instrumentation causes compression of 
the soft cancellous bone during insertion and 
increases the density, and hence the amount of 
bone held within the threads, and are effective 
in enhancing the pull-out strength of the screws 
[18]. Screws used in posterior instrumentation 




Figure 43.6. A pedicle screw with leading edge flute to act as a self- 
tapping screw. 



have various designs to increase the pull-out 
strength (Figure 43.5). 

The screw tip is the part of the screw that 
first enters the bone. Though most of the 
screws used in posterior instrumentation are 
cancellous-type screws that do not need pre- 
tapping, some screws have leading-edge flutes 
like self-tapping screws to facilitate insertion 
(Figure 43.6). 
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The neck of the screw is the part connecting 
the head of the screw to the core. As screws 
are frequently subject to cantilever bending 
moments, the neck portion receives most of the 
bending moment acting on the screw and is 
the most frequent site of fracture [19]. Some 
screws are designed to have a reinforced neck to 
offer more effective resistance to the cantilever 
bending moments concentrated here. 

Gripping-type anchors are the components 
which “grip” the vertebra without penetrating 
into the bone. Hooks and wires are gripping- 
type anchors most commonly employed in pos- 
terior instrumentation. The common sites for 
application of the gripping-type anchor are 
lamina, pedicle, spinous process, and the trans- 
verse process. The pull-out strength of the 
gripping-type anchors may be substantial as 
they contact the hard cortical shell of the ver- 
tebra. Biomechanically, the pull-out strength 
of the gripping-type anchor depends on the 
surface area under the component and the 
structural integrity of the bony element to 
which the anchor is attached. Since the bone 
has to resist the pull-out force by its inherent 
mechanical strength, even a minor fracture 
that weakens the part of the posterior element 
receiving the anchor substantially decreases the 
pull-out strength. This fact also limits the use 
of gripping-type anchors in the osteoporotic 
spine where cortical bone fails to provide 
enough resistance to the cut through of the 
components. 

Recently, gripping-type anchors have been 
decreasing in use and are being replaced by pen- 
etrating anchors. The main reason for this sub- 
stitution is the inferiority of holding power 
when compared to the screws. Additional 
reasons are prerequisite of an intact posterior 
element for a reliable fixation, necessity of pre- 
loading that inhibits the unconstrained motion 
of the spinal column under force, and the neces- 
sity of intruding the spinal canal that may 
increase the risk of neurologic injury. 

In today’s modern posterior spinal instru- 
mentation, implants are designed in such a 
way that several types of anchoring members 
may be used in the same instrumentation pro- 
cedure, allowing the surgeon to choose the 



anchoring component according to the situa- 
tion. Gripping-type anchors may be used with 
penetrating-type anchors in the same instru- 
mentation to share the pull-out strength and 
hence protect the penetrating-type anchors 
from excessive pull-out stress. 

Longitudinal Members 

The longitudinal members are the part of the 
implant to which the anchoring members are 
attached. The biomechanical function of the 
longitudinal member is to resist the principle 
force applied to the instrument. The longitudi- 
nal member of the distraction instrumenta- 
tion has to resist the bending moment created 
by the weight of the body above the instrument 
while the longitudinal member of the compres- 
sion instrumentation has to resist the tension 
stress. 

Longitudinal members in a posterior implant 
may be a plate or a rod. Plates are very strong 
and offer a rigid fixation when combined with a 
constrained bolt. However, they are gradually 
becoming less popular as contouring of a plate 
to conform to the curvature of the spine is dif- 
ficult and is fraught with technical problems. 
Additional reasons for this trend are lack of ver- 
satility that limits the available anchoring com- 
ponent to screws and the relative bulk of the 
implant that causes greater extent of soft tissue 
damage during implantation and takes up room 
for placement of bone graft. 

The rod is presently the most common 
form of longitudinal member employed in the 
posterior instrumentation. They are easy to 
contour and allow attachment of both the grip- 
ping and the penetrating-type anchoring 
members. Similar to screws, their strength is 
proportional to the section modulus (Z). As Z = 
;tDV 32, the strength of the rod is greatly influ- 
enced by the diameter. However, as increasing 
the diameter of the rod also increases the bulk 
of the implant causing many untoward prob- 
lems, the manufacturers are trying more and 
more to produce thinner rods with increased 
strength which allow the implant to have a low 
profile [20]. Some are trying to use rods of 
higher elasticity to prevent mechanical failures. 
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Figure 43.7. Various rods. (A) A smooth rod. (B) A knurled rod to increase surface friction. (C) A threaded rod. (D) A rachetted rod. 



but the ultimate result is still to be clarified. 
Rods may be sliding types with or without a 
surface finish, a threaded or a rachetted type 
(Figure 43.7). 

The sliding type of rod is the most common 
type used presently. It allows free sliding of the 
anchoring members along the length of the rod 
enabling distraction and compression along the 
rod. It is suitable for both distraction and com- 
pression constructs. While some of these rods 
are smooth, some have surface alterations to 
increase the friction between the rod and the 
component attaching mechanism. 

Threaded rods allow powerful, controlled 
distraction or compression of the anchoring 
members along the rod. However, as bending of 
the rod with mechanical benders often results in 
damage to the threads causing difficulty in 
tightening of the nuts, they are usually more 
malleable than the sliding-type rods. This limits 
their use in posterior instrumentation to com- 
pression (tension band) constructs. 

Rachetted rods like the one used in the Har- 
rington distraction device are primarily used in 
distraction constructs. As the rachets act as 
stress risers, often leading to mechanical failure 
of the rod, this type of rod is rapidly falling out 
of favor. 



Component-Component 
Connecting Mechanism 

The longitudinal member of the posterior 
implant is connected to the anchoring mem- 
bers by a component-component connecting 
mechanism. Except for a wire which is tightened 
around the longitudinal member to offer a grip, 
all the connection between the components of 
posterior implants are one or combinations of 
the following six fundamental locking mecha- 
nisms; (1) three-point shear clamp, (2) lock 
screw, (3) circumferential grip, (4) constrained 
screw-plate, (5) semiconstrained screw-plate, 
(6) semiconstrained anchoring component-rod 
(Figure 43.8). 

The three-point shear clamp is the mecha- 
nism of locking employed in the screws in the 
synergy (Cross Medical, USA) system and the 
new type DDT of the Cotrel-Dubousset system 
(Sofamor-Danek, USA). The locking is provided 
by the force applied at the interface and the fric- 
tion between the components. 

The lock screw mechanism uses the set screw 
to push the rod to abut the other part of the 
component and is presently the most common 
type of locking mechanism used in posterior 
instrumentation. Examples are the screws 
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Figure 43.8. Six fundamental locking mechanisms, a Three-point shear clamp, b Lock screw, c Circumferential grip, d Constrained screw plate, e 
Semiconstrained screw plate, f Semiconstrained anchoring component rod. (Taken from Benzel EC. Component-component interfaces. In: Biome- 
chanics of Spine Stabilization. Principles and Clinical Practice. New York: McGraw-Hill, 1995.) 



and hooks of the Cotrel-Dubousset system 
(Sofamor-Danek, USA) and the Diapason 
system (Stryker, USA). 

Circumferential grip offers connection be- 
tween the components by friction effected by 
two halves of the pincer. An example is the old- 
type DTT in the Cotrel-Dubousset system and 
the closed clamps in the Colorado system 
(Sofamor-Danek, USA). 

The constrained bolt plate is the type of 
locking mechanism used in the VSP (Acromed, 
USA) and connection of the closed clamp with 
the anchoring components in the Colorado 
system (Sofamor-Danek, USA). It is very rigid 
and offers the strongest component-component 
connection available. However, as it needs a 
perfect contact between the undersurface of the 



plate with the upper surface of the screw for 
optimal function, constrained bolt plate con- 
nections directly between the anchoring 
member and the longitudinal member pose 
many problems in practice and are also falling 
out of favor. Newly developed implants em- 
ploying this component-component interface 
usually use this mechanism to connect the 
anchoring member to a clamp that is again con- 
nected to the longitudinal member to facilitate 
the instrumentation procedure. 

The semiconstrained screw plate is the type 
of connection employed in most of the screw 
plate systems. As the screws are not rigidly fixed 
to the plates, this connection allows toggling of 
the screws on the plate and is unable to achieve 
a true rigid fixation. Although bicortical fixation 
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of the screws increases the rigidity of this kind 
of connection, obtaining a bicortical fixation 
from the posterior side of the spine is often dif- 
ficult and dangerous. In posterior instrumenta- 
tion, Roy-Camille plates and the cervical lateral 
mass plates use this component-component 
interface. 

The semiconstrained component-rod is the 
type of connection that allows toggling of the 
anchoring member on the rod. A typical 
example is the Harrington distraction device. As 
they do not achieve a true rigid fixation and are 
prone to mechanical failure at the compo- 
nent-rod interface, they are also gradually 
fading away. 

Transverse Members 

The transverse member, commonly known as 
the cross link, is the component that trans- 
versely connects two or more longitudinal 
members of posterior implants to convert the 
construct into a quadrilateral frame. Its bio- 
mechanical function is to enhance the torsion 
resistance and to resist parallelogram deforma- 
tion of the construct [21,22]. Transverse mem- 
bers do not increase mechanical resistance to 
other stresses (e.g., flexion-extension, lateral 
bending) [21,22]. 

The optimal number of cross linking is at two 
sites, as adding more transverse connections 
does not significantly increase the torsion 
resistance. 

Classification of Posterior 
Instrumentation 

The posterior instrumentation maybe classified 
by the nature of the force imparted by the 
instrumentation on the spinal column. Though 
it is sometimes very difficult to define the prin- 
ciple acting force due to the complex three- 
dimensional nature of the spinal anatomy, the 
principle forces effected by the posterior instru- 
mentation are distraction, compression, three- 
point bending, and translation. By the degree 
of freedom allowed by the instrumentation, 
they are further divided into rigid and dynamic 



types. The rigid type is the construct that does 
not allow motion between the instrumented 
spinal segments whereas the dynamic types 
allow some motion in the instrumented seg- 
ments either by motion at the component- 
component interface or component-bone 
interface. 

Posterior Distraction Instrumentation 

This type of instrumentation exerts a distrac- 
tion force on the spinal column and is biome- 
chanically characterized by bearing of the axial 
load created by the weight of the body cranial to 
the proximal anchoring member by the implant 
when the patient is in an upright position. It 
comprises instrumentation applied under active 
distraction in the operating room and those 
fixed in so-called “neutral fixation” without any 
active compression or distraction. Neutral fixa- 
tion has to be considered a distraction type of 
instrumentation since the implant has to main- 
tain the length of the instrumented segment per 
se and has to bear the axial load when the 
patient assumes an upright position even 
though there has been no active distraction in 
its application. 

Although many constructs may be used for 
posterior distraction instrumentation, simple 
distraction, fixed moment arm cantilever beam 
fixation, and applied moment arm cantilever 
beam fixation are the most common forms used 
for this purpose. 

Simple Distraction Construct 

This construct applies distraction in a short 
spinal segment and is typified by the Knodt 
rod. It is usually a hook-rod system. The char- 
acteristic of this type of instrumentation is 
that the fixation becomes stable only with 
active distraction by the implant. As distrac- 
tion is applied posterior to the spinal instanta- 
neous axis of rotation (lAR), the posterior 
column is lengthened, and a kyphosis is created. 
This instrumentation system is not employed 
frequently in present-day posterior instru- 
mentation due to its biomechanical and biolog- 
ical disadvantages of the inability to offer a 
reliable resistance to the flexion moment and 
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derangement of spinal sagittal contour. How- 
ever, it may be used in special situations which 
need correction of local lordotic deformity. 
When employing this instrumentation, the 
structural integrity of the anterior column is 
an absolute prerequisite as elongation of the 
posterior column in the face of an anterior 
column incompetence would result in serious 
exaggeration of kyphosis and ultimate failure of 
instrumentation. 

When simple distraction is applied to a seg- 
ment longer than four or five spinal segments, 
the resulting kyphosis from elongation of the 
posterior column creates abutment of the longi- 
tudinal members on the apex of the kyphosis 
and exerts a three-point bending force. 

Fixed Moment Arm Cantilever Beam 
Fixation Construct 

A fixed moment arm cantilever beam construct 
exerts a distraction force on the spinal column 
and bears the axial load when applied in an 
active distraction or in a neutral fixation. 
However, as active distraction of the spinal 
column is more effective with the applied 
moment arm cantilever beam fixation, it is 
usually used in neutral fixation mode. 

As the bending moment is resisted by the 
fixed moment arm which projects into the ver- 
tebral body in front of the lAR, it offers greater 
resistance to flexion moment even with a 
shorter-length construct and is much less prone 
to failure than the simple distraction construct. 
Constrained screw-plate and most of the pedicle 
screw-rod systems are typical examples of this 
type of instrumentation. 

As the axial load is borne on the cantilever 
beam, mechanical failure occurs at the junction 
of the beam and the longitudinal members [23]. 
To reduce mechanical failure, adequate recon- 
struction of the anterior load-bearing ability to 
share the axial load is advisable. 

Contrary to the simple distraction instru- 
mentation that creates a local kyphosis and 
causes anterior rotatory displacement when 
applied in a short segment, distraction by the 
fixed moment arm cantilever results in simple 
elongation of the segments under distraction 
along the longitudinal member. This is because 



of the short effective distance between the point 
of force application and the component-com- 
ponent interface which acts as the fulcrum and 
the inherent buttressing effect of the instru- 
mentation reducing resistance to the bending 
moment. 

Applied Moment Arm Cantilever Beam 
Fixation Construct 

The applied moment arm cantilever beam fixa- 
tion is a variation of the fixed moment arm 
cantilever beam system and differs only in the 
sense that an effective torque may be generated 
posterior to the lAR to offer a flexion or an 
extension moment to the subject spinal seg- 
ments. Effective flexion or extension moment is 
applied by increasing the distance between the 
point of application of the desired force and the 
fulcrum located on the longitudinal member 
and by adopting a component-component 
locking system which allows connection of the 
anchoring member and the longitudinal 
member at various positions. When the compo- 
nents are rigidly locked in the desired position, 
the construct assumes the biomechanical char- 
acteristics of a fixed moment arm cantilever 
beam construct. The AO internal fixator (AO, 
Swiss) and the Socon system (Aesculap, 
Germany) are typical examples of this type of 
instrumentation. 

Posterior Compression Instrumentation 

This type of instrumentation exerts a compres- 
sion force on the posterior spinal column and 
acts as a tension band resisting the flexion 
moment generated by application of an axial 
load. As its primary function is compression, the 
implant per se is biomechanically unstable in 
compression and is ineffective in bearing the 
axial load. So, for the posterior compression 
system to function adequately, a structure that 
effectively resists the axial compression force is 
absolutely necessary [24]. 

In posterior spinal surgery, the posterior 
compression system is applied when the ante- 
rior weight-bearing column is intact or recon- 
structed to provide effective load bearing. 
As application of the compression results in 




472 



Biomechanics and Biomaterials in Orthopedics 



close abutment of weight-bearing structures, 
the axial load is borne mainly by these struc- 
tures and little is conveyed to the implant. This 
allows posterior compression implants to be of 
smaller bulk than the distraction devices. Pos- 
terior compression instrumentation may be 
applied by a variety of constructs. The most 
common forms are simple compression fixa- 
tion, fixed moment arm cantilever beam fixa- 
tion, and non-fixed moment arm cantilever 
beam fixation. 

Simple Posterior Compression Construct 

Typical examples of this type of construct are 
the Harrington compression system and the 
Halifax system. As they apply compression force 
posterior to the lAR, lordosis is created within 
the instrumented segment. When the structural 
integrity of the anterior weight-bearing struc- 
ture is compromised, active application of pos- 
terior compression may result in exaggerated 
lordosis and excessive shortening of the ver- 
tebral column until competent anterior struc- 
tures abut to offer effective resistance to the 
compression. 

As simple compression instrumentation 
offers little resistance to translational defor- 
mation, its present use is practically limited to 
the cervical spine where the orientation of the 
facets effectively blocks the anterior translation 
deformation. 

Fixed Moment Arm Cantilever Beam Construct 

A fixed moment arm cantilever beam fixation 
may be used as a posterior compression system 
by an active application of compression over 
the instrumented segments. As the compression 
brings the weight-bearing anterior structures 
to abut tightly there will be little axial load 
conveyed to the implants and the implants 
will function biomechanically just as a tension 
band. 

Using the fixed moment arm cantilever beam 
fixation for posterior compression instrumenta- 
tion offers an advantage over the simple poste- 
rior compression construct in that it offers a 
substantial resistance to the translational defor- 
mation and has the ability to resist over- 



compressive axial load, reducing the risk of 
mechanical failure. 

Non-fixed Moment Arm Cantilever 
Beam Construct 

Though this system does not offer a rigid fixa- 
tion, it may be used to impart stability to the 
spinal column as a tension band when axial 
load-bearing structures are competent. Bio- 
mechanically, it offers no advantage over the 
fixed moment arm cantilever beam construct 
and is fading away. The only advantage of the 
system is that the bulk of the implant is signifi- 
cantly less than the fixed moment arm type as it 
does not a need special component-component 
interface. Its clinical use is primarily in the cer- 
vical spine as lateral mass plates. 

Posterior Three-point 
Bending Instrumentation 

The three-point bending force is one of the 
most commonly employed forces in posterior 
spinal instrumentation. It is the principle force 
in many situations where translational defor- 
mity is reduced. Application of a three-point 
bending force needs two points onto which 
forces in same direction are applied, with a 
fulcrum between the two points. When the con- 
struct is stable, the force acting at the fulcrum 
will be in the opposite direction to the two 
terminal forces with a magnitude equal to the 
sum of two terminal forces (Figure 43.9). Three- 
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Figure 43.9. If a three-point bending construct is symmetrically 
placed, the sum of the two terminal forces is of equal magnitude to the 
force acting on the fulcrum but in opposite directions. 
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point bending may be applied by various poste- 
rior spinal constructs. 

Simple Posterior Distraction Construct 

The simple posterior distraction construct may 
be used to effect a three-point bending force on 
the spinal column. This is attributed to their 
ability to generate torque posterior to the lAR 
and create a kyphosis, which will gradually 
come into contact with the longitudinal 
member to act as a fulcrum. However, for the 
simple distraction construct to effect a three- 
point bending force, a considerable length of 
instrumentation is necessary and when used in 
the lumbar spine, due to the length of the spinal 
segment subject to distraction, a flat back defor- 
mity results. Addition of reduction sleeves in 
the mid-portion of the longitudinal member 
may hasten the contact of kyphosis to the lon- 
gitudinal member and also effectively restores 
lordosis. The use of a simple distraction con- 
struct for the attainment of three-point bending 
force is decreasing due to the necessity of a 
lengthy instrumentation sacrificing the motion 
segments. 

Cantilever Beam Constructs 

All forms of cantilever beam construct may be 
applied to generate a three-point bending force 
on the spinal column. This is attributed to their 
ability to create a posterior-directed pull-up 
force on the displaced vertebra by means of 
screws. They have the advantages over the 
simple distraction constructs when used in this 
mode of application as they do not need a 
lengthy instrumentation and do not cause flat- 
tening of the lordosis [25]. Some instrument 
systems offer specially modified implants to 
facilitate application of threepoint bending 
force (Figure 43.10). 

Posterior Translation Instrumentation 

This type of instrumentation effects translation 
of the vertebra as the primary force of action 
and is used mainly for correction of spinal 
deformities. There are two modes of applying 
translation to the vertebral column by these 




Figure 43.10. Screws with modification to facilitate application of 
three-point bending force. Extended arms make force application more 
effective. 



instruments. The first is the translation of the 
vertebra by bringing the anchoring members 
to the longitudinal members and is called the 
vertebra-to-rod method [20]. The second is by 
changing the shape or alignment of the longitu- 
dinal member to which the anchoring members 
have been already attached and may be called 
the longitudinal member maneuvering method. 
The rod derotation maneuver and in situ rod 
bending [26,27] are principle longitudinal 
member maneuvering methods. Recent investi- 
gations suggest possible future employment of 
shape memory alloys for the latter purpose [28]. 
There are two construct forms in this category. 

Dynamic Translation Construct 

This is typified by the Luque segmental sub- 
laminar wiring and is applied in a vertebra- 
to-rod method. As there is no rigid fixation 
between the anchoring member and the longi- 




474 



Biomechanics and Biomaterials in Orthopedics 



tudinal member, some movement will occur 
between the instrumented spinal segments. 
Though this is a disadvantage that leads to loss 
of correction by settling of the spinal column 
under gravity, it may be exploited in the main- 
tenance of deformity correction in young chil- 
dren as the sliding of the wires on the rods will 
allow growth of the spinal column. 

Rigid Translation Construct 

Most of the implants used for spinal deformity 
fall into this category. As they offer a rigid 
component-component interface, they, in 
theory, do not allow intersegmental motion and 
result in better maintenance of the deformity 
correction. 

The effectiveness of the rigid translation 
construct is greatly influenced by the position 
and the flxation strength of the anchoring 
members and the relative stiffness between the 
longitudinal member and the spinal deformity. 
To increase the correction of the deformity, 
employment of segmental anchors, preferably 
screws and a stiff rod [6] is advantageous. When 
the deformity is rigid, increasing the flexibility 
of the deformity by an adequate releasing pro- 
cedure is helpful in attaining a better correction. 
They may be applied in the vertebra-to rod 
method or the longitudinal member maneuver- 
ing method. 

Clinical Applications 

In practice, the forces applied by the posterior 
spinal instrumentation is much more complex 
than those described in the preceding sections 
due to the three-dimensional nature of the 
anatomy and coupling actions which inevitably 
accompany application of forces on a three- 
dimensional structure. The presence of a multi- 
ple number of movable joints acting as hinges 
and the difference in the mechanical characters 
between the structures comprising the vertebral 
column further complicates clear delineation of 
the forces acting on the instrumented spinal 
column. This mandates careful preoperative 
consideration and meticulous planning for 



every case under consideration for spinal 
instrumentation. 

Fractures and Dislocations 

In Stabilization of traumatic instabilities of the 
spine, the degree of structural compromise 
in the injured vertebral column and the ex- 
perience of the treating surgeon are the main 
factors that determine the choice of instru- 
mentation method. When a decision is made 
to apply a posterior instrumentation for stabi- 
lization, the following should be taken into 
consideration. 

Degree of Anterior Column Destruction 

When there is severe anterior column destruc- 
tion, the spinal column is devoid of axial load- 
bearing ability. Though a posterior rigid 
distraction instrumentation may be performed, 
it is not sound biomechanically as the axial load 
is borne solely by the instrument and often 
results in mechanical failure of the implant or 
the bone-implant interface [23]. To resist the 
bending moment at the fracture site effectively, 
the instrumentation has to be of considerable 
length, sacrificing multiple non-injured motion 
segments. In this situation, adequate recon- 
struction of the anterior column and applica- 
tion of posterior compression instrumentation 
with a fixed moment arm cantilever beam con- 
struct is preferable (Figure 43.11). 

When anterior column destruction is mild or 
moderate, healing of the fracture effectively 
restores the axial load-bearing ability of the 
spinal column. The role of instrumentation here 
is to prevent further deformation of the spinal 
column and protect the injured vertebra until 
healing occurs. In this situation, rigid distrac- 
tion instrumentation by the fixed moment arm 
cantilever beam construct or applied moment 
arm cantilever beam construct is indicated 
(Figure 43.12). 

When the bony structures of the anterior 
column are relatively intact as in seat- 
belt-type injury the disks may be brought 
together to reestablish a competent weight- 
bearing column using posterior compression 
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Figure 43.11 (continued) 



instrumentation [29,30]. In the cervical spine, 
spinous process wiring or the Halifax clamp 
may be used. In the thoracic and lumbar spine, 
posterior compression instrumentation with a 
type of cantilever beam construct is preferable 
(Figure 43.13). 

Translational Deformity 

In the presence of a translational deformity, 
posterior instrumentation is better than ante- 
rior instrumentation as reduction of the facet 
dislocation is much easier from the posterior 
side. When translation is significant, three-point 
bending instrumentation or rigid translation 
instrumentation is indicated. This is preferably 
done with a fixed moment arm cantilever or 
applied moment arm cantilever beam construct. 
When there is severe destruction of the anterior 
column, reconstruction of the anterior column 
after the reduction of translation is indicated 
(Figure 43.14). 



Degenerative Diseases 

As most degenerative instabilities have compe- 
tent anterior weight-bearing columns, posterior 
compression instrumentation will do the job. 
For this purpose a fixed moment arm cantilever 
beam construct is most suitable. When dis- 
cectomy is performed simultaneously, posterior 
compression instrumentation with restora- 
tion of the anterior column by anterior or 
posterior interbody fusion is preferable (Figure 
43.15). 

Deformities 

The ideal instrumentation depends on the type, 
location, and severity of the deformity. 

Scoliosis 

Historically, correction of scoliosis by posterior 
instrumentation started in the early 1960s with 



Biomechanics of Posterior Spinal Instrumentation 



477 




Figure 43.12. a,b A 51-year-old male with L2 unstable burst fracture.c Preoperative CT shows 40% canal encroachment. d,e He was treated by 
posterior fixed moment arm cantilever fixation, (continued next page) 
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Figure 43.12 (continued) 



the Harrington device, a type of rigid posterior 
distraction instrumentation [4]. Although a fair 
amount of correction could be obtained in the 
coronal plane from elongation of the concave 
side and associated medial translation of the 
apex, numerous drawbacks pertinent to the bio- 
mechanical characteristics of simple distraction 
instrumentation were observed including lack 
of rigidity of fixation necessitating prolonged 
postoperative external immobilization, high fre- 
quency of proximal hook dislodging, mechani- 
cal failure at the rachets, and derangement of 
spinal sagittal contour resulting in loss of 
normal thoracic kyphosis or flat back syn- 
drome. 

Then came the Luque segmental spinal 
instrumentation in the early 1980s, a type of 
dynamic translation instrument [5]. This 
corrected scoliosis employing the vertebra-to- 
rod method, pulling the vertebra up to the 
contoured rod by means of wires with a 
gripping-type anchor holding the lamina. This 



system solved many of the problems posed by 
the simple distraction instrumentation. The 
fixation of the vertebra was more rigid, preclud- 
ing the necessity of prolonged external immobi- 
lization, the derangement of the sagittal contour 
was much less due to absence of the distraction 
effect of the instrumentation, and mechanical 
failures were much less frequent. However, there 
were also drawbacks pertinent to the biome- 
chanical characteristics of the instrumentation 
and the anchoring member. As the fixation was 
dynamic, the vertebral column settling under 
gravity could not be effectively resisted. The 
necessity of intruding the canal to pass the sub- 
laminar wires was also a significant problem, 
increasing the risk of neurologic injury. 

Then, in 1983, shortly after popularization 
of the Luque instrumentation, came the 
Cotrel-Dubousset system, a rigid translation 
instrument with multiple anchors that became 
the prototype for numerous other similar 
instrumentation systems [3]. It corrected 
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Figure 43.13. a,b A 40-year-old female with T11 chance fracture. c,d She was treated by posterior compression instrumentation with pedicle 
screws. 
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Figure 43.14. a,b A 30-year-old female with T12 L1 fracture dislocation. c MRI shows gross displacement. d,e She was treated by posterior instru- 
mentation in neutral mode and then anterior column reconstruction, (continued next page) 
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scoliosis deformity by translocation of the curve 
from the coronal plane to the sagittal plane by a 
rod derotation maneuver, a form of longitudinal 
member maneuvering method. After the dero- 
tation, the system became a combined simple 
distraction-simple compression instrument by 
the nature of the anchoring members, generat- 
ing forces behind the lAR. By their biomechani- 
cal characteristics, application of compression 
produced lordosis. However, application of dis- 
traction did not restore as much thoracic 
kyphosis as desired due to generation of a three- 
point bending force acting on the apex of devel- 
oping kyphosis. Inadequate restoration of 
kyphosis in turn produced very little rotational 
correction in the horizontal plane. Despite these 
drawbacks, the system offered a rigid fixation, 
improved coronal plane correction, and true 
three-dimensional correction of the scoliosis 
deformity (Figure 43.16). 

In 1992, a major breakthrough in rigid trans- 
lation instrument was developed by Suk, intro- 



ducing the use of segmental pedicle screws as 
anchoring members for the system [6]. The use 
of penetrating anchors converted the system 
into a fixed moment arm cantilever beam con- 
struct after the derotation maneuver, solving 
many problems of simple compression-distrac- 
tion instrumentation. 

The increased holding power of the implant 
using segmental penetrating anchors enhanced 
the correction of coronal plane deformity and at 
same time reduced failure at the bone-implant 
interface. Being converted into a fixed moment 
arm cantilever beam construct, it did not 
need any distraction to stabilize the anchoring 
members. It prevented generation of a ventral 
three-point bending force, at the same time 
permitting unconstrained spinal motion, 
allowing the spinal column to conform more 
easily to the rod contoured to the normal 
sagittal contour. In thoracic scoliosis, use of top 
open screws with a lock screw component- 
component interface also played a role in 
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Figure 43.15. a,b A 47-year-old male with L4-5 spinal stenosis. c,d He was treated by posterior decompression and posterior compression instru- 
mentation with anterior support. 
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Figure 43.17. a,b A 13-year-old female with adolescent idiopathic scoliosis. c,d She was treated by rigid translation instrumentation using seg- 
mental pedicle screws. Note the improvement of the sagittal contour. 







Biomechanics of Posterior Spinal Instrumentation 



485 





Figure 43.18. Translation instrumentation in kyphosis. Translation instrumentation generates a three-point bending force on the apex of the 
kyphosis by exerting a posterior displacement force on the vertebra subject to translation. 



restoration of thoracic kyphosis, combining the 
vertebra-to-rod translation to the rod derota- 
tion. This restoration of kyphosis in turn 
improved rotational correction in the horizon- 
tal plane, thus truly improving the deformity 
three dimensionally (Figure 43.17). 

In posterior instrumentation for scoliosis, the 
risk of mechanical failure of the instrument 
is greatly affected by the flexibility of the defor- 
mity and the quality of bone to which the 
anchoring members are attached regardless of 
the types of instrumentation used. In rigid defor- 
mities, increasing the flexibility of the deformity 
by an adequate release or an osteotomy prior 
to posterior correction is advisable to reduce 
mechanical failures [31,32]. Increasing the 
number of the anchoring members by segmen- 
tal application disperses the stress put on each 
anchoring member and reduces the risk of 
failure at the bone-component interface espe- 
cially in the osteoporotic spine. 

Kyphosis 

The choice of instrumentation method for 
kyphosis is primarily governed by the flexibility 
of the deformity. In flexible kyphosis, three- 
point bending instrumentation offers a satisfac- 
tory correction. Although three-point bending 



forces for correction of kyphosis maybe applied 
by several types of construct, the most com- 
monly used is translation instrumentation. 
Translation instrumentation generates three- 
point bending on the apex of the kyphosis by 
exerting a posterior displacement force on the 
vertebra subject to translation (Figure 43.18). In 
flexible deformity, both dynamic and rigid 
translation instrumentation may yield satisfac- 
tory results. 

When the kyphosis is rigid, attempts at cor- 
rection solely by the force of posterior instru- 
mentation are always less than satisfactory due 
to mechanical failure at the bone-component 
interface. In this situation, an anterior release or 
an osteotomy to enhance the flexibility of the 
deformity is mandatory [31,32]. Following the 
release/osteotomy, dynamic or rigid translation 
instrumentation may be applied to yield satis- 
factory results (Figure 43.19). 

When the kyphosis is rigid and so severe 
as to call for a vertebral column resection, 
application of three-point bending forces with 
rigid translation instrumentation with a fixed 
moment arm cantilever beam construct is most 
suitable. Employing this type of construct 
allows compression over the resection site when 
an anterior structural support was recon- 
structed. When non- structural cancellous chip 
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Figure 43.19. a,b A 46-year-old male with ankylosing spondylitis. c,d He was treated by transpedicular decancellization osteotomy of LI and L4 
with posterior translation instrumentation. 
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Figure 43.20. a,b A 23-year-old male with congenital kyphosis. c,d He was treated by posterior vertebral column resection of TIO and T1 1 with 
anterior column reconstruction using titanium mesh and posterior pedicle screw fixation. The posterior instrumentation functions as a translation 
instrumentation in the first stage of operation, but becomes a fixed moment arm cantilever beam fixation in compressive mode on insertion of ante- 
rior strut graft and posterior compression. 
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Figure 43.21. a In spondylolisthesis, if the displaced segment is intercalary, the construct is a posterior translation construct, b In spondylolisthe- 
sis, if the displaced segment is at the end of the Instrumentation, the construct Is a terminal three-point bending construct and the fulcrum is the 
segment just below. 



graft was used to fill the resection gap, the 
construct, by resisting the axial load, protects 
the anterior column from collapsing (Figure 
43.20). 

Spondylolisthesis 

Reduction of spondylolisthesis may be achieved 
either by three-point bending or translation 
force. Though these two methods are very 
similar in look, the force acting on the displaced 
vertebra is quite different. When the displaced 
segment is at the end of the instrumentation, it 
becomes a terminal three-point bending con- 
struct, the fulcrum being the segment just 
below. However, when the displaced segment is 
intercalary, the force for reduction becomes 
translation (Figure 43.21). Both methods maybe 
effectively carried out by a fixed moment arm 



cantilever beam construct. Some of the instru- 
ments offer screws of special design with elon- 
gated connectors for this purpose. 

Tumors 

The principle of reconstruction of the spinal 
column by posterior instrumentation in tumor 
surgery is similar to that for traumatic instabil- 
ities. When resection of the tumor results in sig- 
nificant compromise of the anterior column, 
reconstruction of the anterior column with pos- 
terior instrumentation is indicated. When the 
anterior column following resection is still quite 
competent of bearing axial loads, posterior 
compression instrumentation or neutral fixa- 
tion with distraction instrumentation is suffi- 
cient (Figure 43.22). 
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Figure 43.22. a,b A 36-year-old male with hypernephroma andT12 metastasis. c,d Preoperative MRLThe sagittal and axial images show destruc- 
tion of vertebral body and cord compression by tumor mass.d,e He was treated by total resection of the vertebral body with reconstruction of the 
anterior column using titanium mesh and posterior pedicle screw fixation. The posterior fixed moment arm cantilever instrumentation was applied 
in compressive mode over the anterior structural graft, (continued next page) 
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Figure 43.22 {continued) 
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44 Biomechanics of Sacral Fixation 

/. C. Y. Leong and W.W.Lu 



Anatomic Considerations of 
Sacral Fixation 

The wedge-shaped sacrum not only gives 
support to the vertebral column, it also provides 
strength and stability to the pelvis. Recent 
renewed interest in sacral screw fixations 
together with advancements in mechanical 
understanding have resulted in increased at- 
tention being paid to the surgical anatomy 
of the sacrum [1-5]. Awareness of the anatomi- 
cal structure, and the adjacent neurovascular 
and visceral structures and their configurations 
will minimize complications and contribute to a 
successful surgical outcome. 

In the adult, the sacrum is composed of five 
vertebral bodies fused together by four ossified 
intervertebral disks. The sacrum articulates 
above with the fifth lumbar (L5) vertebra, below 
with the coccyx, and laterally from the auricu- 
lar surfaces with the two iliac bones of the hip 
to form the sacroiliac joints. The projecting 
anterior edge of the first sacral vertebra is called 
the sacral promontory and the two sides are the 
sacrum alas. The sacral promontory is used as a 
landmark for making pelvic measurements. 

Even though sacral screw fixation techniques 
vary, the anterior sacral anatomy is particularly 
important. Bicortical purchase to the sacrum is 
required to enhance the strength of fixation, but 
a complex interdigitation of neurovascular, vis- 
ceral, and urogenital structures lies anterior to 
the sacrum. These are the common and internal 
iliac arteries, veins, the lumbosacral and obtu- 
rator trunks, and the rectosigmoid portion of 
the large bowel. The common and internal iliac 
veins are located posterior and lateral to the cor- 
responding arteries (Figure 44.1). It has been 



shown that the veins lie in the connective tissue 
immediately in front of the sacral ala [6]. At the 
level of the first and second sacral vertebrae, the 
internal iliac veins lie on the anterolateral sacral 
alar surface; more specifically, the extension of 
the arcuate line onto the sacrum, medial to the 
sacroiliac joints. Standard anatomic texts have 
placed the internal iliac veins directly anterior 
to the sacroiliac joints [5,7-9]. Other studies 
[2,6] also reported these vessels medial to 
that position on the anterolateral surfaces 
of the sacral ala medial to the sacroiliac 
joint. The internal iliac artery lies anterolaterally 
and does not come in contact with the bony 
sacrum. 

Studies have also found that the lumbosacral 
trunk enters the pelvis deep to the medial 
margin of the psoas major and descends over 
the pelvic brim. Within the pelvis itself, the 
trunk runs on the anterior surface of the sacral 
ala and rests on the sacral extension of the 
arcuate line medial to the SI joint. The obtura- 
tor nerve courses far enough anterior to the 
sacrum, between the sacroiliac joint and the 
lumbosacral trunk, that it does not come in 
contact with the sacrum. Injury to any of these 
can lead to hemorrhage, neurologic deficit, 
infection, and chronic pain. Furthermore, sacral 
osteomyelitis, peritonitis, and sepsis are poten- 
tial sequelae of bowel perforation with possible 
life-threatening consequences [4]. 

For SI screws, the three structures most com- 
monly at risk are the lumbosacral trunk, the 
internal iliac vein, and the sacroiliac joint. The 
internal iliac artery and the obturator nerve are 
considerably anterior to the sacrum and are not 
at risk. The descending colon, protected by its 
mesentery, is not prone to injury at the SI level. 
Therefore, two safe zones for SI screw place- 
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Int. iliac a. 



lilt, iliac V. 



Mid sacral a. 



Lumbosacral 
trunk 



Figure 44,1 . Anterior view of sacrum neurovascular anatomy showing the internal iliac veins, internal iliac artery, lumbosacral trunk, etc. 



Obturator n. 



ment have been identified (Figure 44.2a, b): The 
first is bordered laterally by the SI joint. Its 
medial border is delineated by the lumbosacral 
trunk. The second safe zone lies between the 
sacral promontory medially and the internal 
iliac vein laterally and is about 22-27 mm wide. 
There have also been some concerns about the 
best entry, direction, and depth for sacral screw 
insertion. By dissecting cadaveric specimens. 
Esses et al. [10] and Mirkovic and co-authors 
[6], found that anteromedial bicortical screw 
fixation had a larger safe zone compared to 
anterolateral fixation. It has been reported that 
screws placed anteromedially are stronger than 
screws inserted anterolaterally [11-13]. Clini- 
cally, the anteromedial pathway is more com- 
monly used for sacral screw fixation. 

Bone Mineral Considerations of 
Sacral Fixation 

Following the popularity of spinal pedicle screw 
instrumentation, much attention has been 
focused on the importance of bone mineral 
density (BMD) for instrumented spine fusion 
in clinical practice [14-19]. Clinical reports have 
shown that sacral screw fixation has a high 
failure rate. The failure of sacral screw fixation 



maybe due to several factors such as inadequate 
sacral bone purchase, inappropriate direction or 
depth of the screw insertion, and BMD varia- 
tions within the sacrum [12,20-22]. Previous 
studies [23-25] employed BMD measurements 
to obtain area density (g/cm^) using dual energy 
X-ray absorptiometry (DEXA), or volumetric 
density (g/cm^) using quantitative computed 
tomography (QCT) (Figure 44.3). QCT is advan- 
tageous in that it can quantify BMD along the 
screw insertion pathway, and is therefore a more 
accurate technique than DEXA for measuring 
the relationship between BMD and the strength 
of screw fixation [23,26]. Most investigations 
into sacral BMD distributions have been carried 
out on aged specimens, with only a few studies 
on young cadaveric specimens. Since sacral 
fixations are commonly applied in patients of 
young to middle age, BMD measurements of 
young specimens provide clinically relevant 
data for the assessment and comparison of 
sacral fixation. In this text, we will focus on the 
BMD variations within the SI body and ala of 
young patients. 

Based on 13 young adult fresh cadaveric 
sacrum specimens, recent studies [26,27] 
reported a mean BMD of the SI vertebral body 
of 381.9 mg/cm^ 31.9% higher than that of the 
sacral ala (mean 296.9 mg/cm^). Table 44.1 and 
Figure 44.4 list the BMD at different regions of 
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the SI body and ala. There are significant dif- 
ferences in BMD, with the regions near the 
lateral posterior and lateral anterior areas of the 
vertebral body having higher BMD. This again 




Figure 44.2. Two safe zones for each side were identified on the 
sacrum for screw placements. a safe zones shown in white boxes viewed 
from CT reconstructed 3-D model, b top view of the safe zones on the 
sacrum. 



shows that these areas would provide better 
purchase for pedicle screw fixation. Further- 
more, BMD of the posterior region closest to the 
spinal canal was lower than that of lateral and 
central areas. In the ala, the BMD of the internal 
anterior areas closest to the SI body were the 
highest with a BMD of 326.8 mg/cm^ 

The mean BMD at different layers (Figure 
44.5) of the SI body and ala are also listed in 
Table 44.2. The BMD of the first layer in the SI 
body, close to the superior end plate, was sig- 
nificantly higher than the others with a BMD of 
516mg/cm^’ The BMD was lowest in the central 
layer of the body, and increased again towards 
the inferior endplate. This suggests that sacral 
pedicle screws directed close to or cephalad 
penetrating the superior sacral end plate would 
achieve better purchase. In the ala, the BMD 
of the top layer was highest with a BMD of 
329mg/cm^ and the BMD decreased caudally 
from the top layer. 




Figure 44.3. The sacral specimen in the QCT device. 



Table 44.1 . The Mean values (SD) of BMD at different columns of SI body and ala 



S1 Body Columns 


Lateral Posterior 


Lateral Anterior 


Middle Posterior 


Middle Middle 


Middle Anterior 




The Mean Values 
of BMD (SD) 


381.6(5)* 


368.9(64.8)* 


297.6(102.6)* 


372 (93.9)* 


351.1 (68.1) 




Ala Columns 


Internal Anterior 


Internal Posterior 


Middle Anterior 


Middle Middle 


Middle Posterior 


Lateral 


The Mean Values 
of BMD (SD) 


326.8(12)* 


226(135) 


205.4 (69.2) 


185.1 (91.1) 


182 (83.9) 


210.1 (77) 



* Significant difference found. Unit; mg/an’. 
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Figure 44.4. Schematic diagram of the front of the sacrum showing 
the five transverse layers. Lines 1 and 5 represent superior sacral end 
plate and inferior end plate layers respectively. Line 3 represents the 
central layer; lines 2 and 4 represent other layers between them. 



Based on the BMD distribution within the 
sacrum [12,26,27], the recommended screw 
pathway is shown in Figure 44.6. Further to radi- 
ographs, CT scans, and specimen observation, it 
is suggested that the SI pedicle screw should be 
directed parallel to the SI end plate in the sagit- 
tal plane, and the ala screw inserted to the tip of 
the ala along the ala slope. The insertion angle 
of the SI pedicle screw in the transverse plane 
should be between 15 and 25° medially and the 
angle of the ala screw should be 30-40 ° laterally 
for better bone purchase (Figure 44.7 from CT). 
If the insertion angle is less than 10° for SI 
pedicle screws, the screw will not obtain good 
purchase on the SI promontory, leading to a 
greatly reduced purchase of bone and less bio- 
mechanical stability. On the other hand, if the 
insertion angle for the SI screw is larger than 




Figure 44.5. Axial view of seven vertical columns in SI body and six vertical columns in SI ala.The lA and IP areas are also defined as sacral pedicle. 



Table 44.2. The mean values (SD) of bone mineral density at different layers of SI body and ala 

Layers 1 2 3 4 5 

SI Body 516.1 (72r 376.9(37) 342.4(56) 365.6(56) 397.5(81) 

Ala N/A 329.1 (1%)* 225.6(128) 177.4(8) 142.1 (63) 



• Significant difference, Unit: mg/cm’. 
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25 the potential for injury to the spinal cord is 
higher [25]. With respect to ala screw insertion, 
Edwards and Louis preferred lateral placement 
into the sacral ala at 35-45° [28,29], while 
Mirkovic and associates suggested the screw 
should be angled at 30-40° in order to obtain a 
better purchase [6]. If the angle of ala screw is 
greater than 45 °, the potential for lumbosacral 
trunk injury is high [4]. 

The importance of vertebral BMD for screw 
fixation has been the subject of several studies 
to determine screw stability and predict lumbar 
vertebrae strength [6,10-12,19,30-32]. Some 




Figure 44.6. Schematic diagram of the sacral body, ala, and pedicle. 
The pedicle screw pathway and the ala screw pathway are defined based 
on BMD measurements. 



have suggested that preoperative measure- 
ment of BMD is necessary for transpedicular 
screwing in osteoporotic cases [27,33,34]. Other 
studies [19,35] found that vertebral bodies of 
human lumbosacral spines had a mean BMD of 
92mg/cm^ and the mean BMD of the sacrum 
was 152mg/cm^ for the elderly of mean age of 
78 years old. Studies also indicated that at a QCT 
BMD value of less than 90 mg/ml, early loosen- 
ing of the screw may be expected, while it is less 
likely with a BMD of more than 120 mg/cm^ The 
mean BMD from young adults with mean age of 
31 years was approximately 2.5 times greater 
than that in the above-mentioned group. Since 
the sacrum mainly consists of cancellous bone 
and the lumbosacral junction sustains more 
load than others above the sacrum, failure of 
sacral screw fixation can occur without signifi- 
cant osteoporosis. 

Biomechanical Considerations 
of Sacral Fixation 

Strengths of Varieties of Fixations 

The sacral screw can be placed either antero- 
medially through the SI pedicle into the 
promontory or anterolaterally into the sacral 




Figure 44.7. CT showing the angles of screw insertion. 
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ala. There are a few anatomical and biomechan- 
ical studies regarding the safety of the screw 
placement when bicortical insertions are used 
[2,4,20,36] (see section above). A variety 
of fixation techniques and instruments have 
been designed to improve the strength of 
lumbosacral fixation [7,30,34,37-40]. It is 
assumed that increasing the number of sacral 
screws and using a triangulated insertion tech- 
nique may increase the strength of purchase for 
lumbosacral fixation. A technique with a sacral 
Chopin block using SI pedicle and ala screws 
with modified CD instrumentation was intro- 
duced to clinical practice in the early 1990s 
[41-43]. This new technique can theoretically 
increase the strength of fixation due to the 
anteromedial screw and the added ala screw in 
divergent triangular orientation. However, a 
clinical study conducted by Devlin et al. [44] 
found that the CD system using sacral pedicle 
and ala screws in the deformity correction of 
adult patients did not appear to offer any advan- 
tages over alternative techniques in achieving 
arthrodesis. 

A recent cadaveric study [12] using a sacral 
Chopin block with SI pedicle and ala screws on 
sacra of different age groups evaluated the stiff- 
ness and failure strengths of fixation under dif- 
ferent loading conditions. With bicortical screw 
purchase, the average stiffness of single screw 
and two divergent triangulated screw fixations 
(see Figure 44.8) were found to show statistically 
significant differences under compression, 
tension, and torsion (see Table 44.3). With one SI 
pedicle screw fixation, the average stiffness was 
203N/mm for compression, 147N/mm for 
tension, and 2Nm/deg. for torsion. With two- 
screw fixation, the average stiffness increased 



to 255N/mm (126%), 185N/mm (126%), and 
2.4Nm/deg (120%) respectively, suggesting that 
increasing the number of screws and using a tri- 
angulated insertion can increase the strength of 
fixation. Biomechanical tests have also shown 
that triangulated double-screw instrumented 
either anteriorly or posteriorly can significantly 
increase the strength of fixation [38,45,46]. Ogon 




Figure 44.8. a,b AP and top view of instrumented specimen. Right 
side was with one anteromedial SI pedicle screw and left side with a 
Chopin Block with anteromedial and anterolateral (alar) screws. 



Table 44.3. The average stiffness of younger and aged specimens with one and two screw fixation to the sacrum 





One screw fixation 






Two screw fixation 








Compression 


Tension 


Torsion 


Compression 


Tension 


Torsion 




(Mean ± SD) 


(Mean ± SD) 


(Mean 1 SD) 


(MeanlSD) 


(MeanlSD) 


(MeanlSD) 


<30 years 


220134 


169124 


2.110.8 


2% 143 


209123 


2.710.6 


>60 years 


179120 


112119 


1.910.4 


195123 


150127 


1.910.3 


P value 


0.003 


0.001 


0.007 


0.001 


0.001 


0.007 


Total 


203135 


147135 


210.6 


255162 


185138 


2.410.6 



Unit: Compression = N/mm; Tension = N/mm; Torsion = Nm/deg. 
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and associates [45] found that anterior double- 
screw fixation can increase fixation strength 
in vitro by 73%, while Ruland and co-authors 
[46] found that a doubled pull-out strength 
can be achieved by using posterior triangulated 
CD pedicle screws with a transverse plate. By 
applying the load along the screw axis instead of 
simulating in vivo loads perpendicular to the 
screw axis, Zindrick and co-authors [47] con- 
ducted a pull-out test to compare the strength of 
screw fixation in different orientations. They 
found that the anterolaterally directed screw 
sustained greater loads to failure. In contrast, 
other biomechanical studies reported that 
anteromedial screw fixation was significantly 
stronger than anterolateral screw insertion 
[2,20,34,48]. This also correlated with the higher 
bone density of the SI centrum, which provides 
a more rigid bone screw fixation [20]. 

A negative relation between the specimen age 
and the stiffness under different loading condi- 
tions has also been found [12], and the younger 
specimens had significantly higher stiffness 
than the aged ones. The average failure strength 
under tension load was found to be 1,450 N in 
the younger specimens (<30 years), but 980 N in 
the aged specimens (>60 years). Studies have 
also revealed that the BMD is closely related to 
the fixation strength of transpedicular screws 
[33,35,47-49]. Under the same test conditions, it 
was found that fixation stiffness of the aged 
specimens were lower than those of younger 
specimens. 

Loosening of Sacral Screw Fixation 
Under Fatigue Loading 

In the early postoperative period, before bony 
fusion has taken place, the mechanical proper- 
ties of the fixation will determine the stability of 
that part of the spine. In some cases, sacral 
screw fixation may not maintain sufficient sta- 
bility, eventually resulting in loosening, pull- 
out, screw breakage, or migration. Cyclic loading 
is thought to be the main reason leading to 
change in the biomechanical properties of 
pedicle screw fixation [50-53] and the major 
failure mechanism appears to be screw pull-out 
at the bone-screw interface [44,54,55]. While a 



few studies have characterized the effects of 
cyclic loading on pull-out strength of sacral 
screw fixation, the majority of studies 
[20,48,56,57] investigating the effects of inser- 
tion torque and BMD have used single loading 
to failure by compression of the screw head per- 
pendicular to the axis of the screw, rather than 
fatigue loading. 

Recent studies [13,58] have simulated cyclic 
loading of sacral screw fixations in young adult 
human specimens to investigate the effects of 
unicortical versus bicortical and medial versus 
lateral screw fixation on pull-out strength, and 
also the correlation between pull-out strength, 
bone density, and insertion torque under fatigue 
condition. In these studies, human sacrums 
from young (24-36 years old) cadaver speci- 
mens were used. BMD was measured using a 
peripheral Quantitative Computed Tomography 
(pQCT) machine with a scan slice thickness of 
5 mm. Seven-millimeter Compact CD sacral 
screws [41,43] were then inserted, randomized 
into four groups according to the combinations 
of orientation (medial or lateral) and fixation 
(unicortical or bicortical). Screws were inserted 
according to the following depths: unicortically; 
up to but not engaging the cortex (2 mm short 
of the anterior cortex); or bicortically, with the 
threads at least 2 mm anterior to the cortex. The 
screw holes were not tapped, and the insertion 
torque was measured throughout screw inser- 
tion using a torque driver. The specimens were 
placed on a servo-hydraulic MTS 858 bionix 
testing machine and cyclic loading performed 
with the loading axis directed perpendicularly 
to the axis of the screw (Figure 44.9a,b). A rigid 
linkage was used at the screw head, using the 
CCD rod and linkage system. The cyclic loading 
ranged from -40 N to -400 N and was conducted 
at 2 Hz up to 20,000 cycles. Following cyclic 
loading, the specimen was re-oriented in the 
testing machine, and a pull-out test was per- 
formed along the axis of the screw at a loading 
rate of lON/sec until the screw was completely 
pulled out of the sacrum. The results from these 
studies showed that the average pull-out force 
after cyclic loading was 1271 N for the medial 
bicortical screw fixation and 778 N for the 
medial unicortical screw fixation. The average 
pull-out force after cyclic loading was 570 N for 
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the lateral bicortical screw fixation and 368 N for 
the lateral unicortical screw fixation. Table 44.4 
lists the all the relevant data from this study. The 
difference between the pull-out force of bicor- 
tical and the unicortical fixation was highly 
significant for the medial screw fixation and 
significant for the lateral screw fixation, showing 
that depth of screw penetration significantly 
affects the pull-out force following fatigue 
loading. The average pull-out force was signifi- 
cantly greater for the medial bicortical screw fix- 
ation than for both bicortical and unicortical 
lateral (ala) screw fixation [12]. There was 
also a significant difference of pull-out force 
between the medial unicortical and the lateral 



CYCLIC LOADING 




Figure 44.9. Schematic of the specimen loaded in the cyclic loading 
testing apparatus. The lower part of the sacrum was embedded in a 
metal cup filled with epoxy. Cyclic axial compressive force was applied 
to the screw via the CCD rod, allowing translation and rotation of 
the screw. Force was measured by the load cell, which was situated 
interiorly. 



unicortical screw fixation. The pull-out force 
following fatigue loading is therefore signifi- 
cantly affected by the screw orientation. The 
maximum mean insertion torque was 1.93 N.m 
for the medial bicortical screw fixation, which 
was 35% higher than that for medial unicortical 
screw fixation (Table 44.4). The insertion torque 
for lateral bicortical screw fixation was 50% 
lower than for medial bicortical, but there was 
no significant difference between the insertion 
torque for medial unicortical screw fixation and 
lateral unicortical screw fixation. For medial 
screw fixation, the pull-out force correlated sig- 
nificantly with insertion torque and BMD. The 
correlation and linear regression between inser- 
tion torque and pull-out force are shown in 
Figures 44.10 and 44.11 respectively. In this 
study, the insertion torque also showed a signi- 
ficant linear correlation with BMD. However, no 
significant linear correlation was seen between 
pull-out force, insertion torque, or bone density 
for lateral screw fixation to the ala. Some authors 
[20,48] also found the strength of medial screws 
to be stronger than lateral screws under com- 
pression, both for bicortical and unicortical fix- 
ation, and a similar result was found for the 
pull-out strength of unicortical screws [2]. In 
contrast, however, other studies [47,49] have 
shown that bicortical, laterallyplaced screws 
sustained higher pull-out loads than medial 
screws. Based on the anatomical evaluation [4], 
lateral screw placement, if it were to engage the 
anterior cortex (bicortical fixation), carries a 
risk of injury to either the lumbosacral trunk or 
the internal iliac vein. The potential for trunk 
injury with laterally bicortical screws is par- 
ticularly high (55%). 

Intraspecimen bone densities and insertional 
torques may account for differences in screw fix- 
ation. An in vitro study found the BMD in the 



Table 44.4. Average BMD, insertion torque, and pull-out force for the medial and lateral bicortical and unicortical screw Insertions. Standard devi- 
ations are included in parentheses 



Orientation 



Medial 



Depth 


No. of specimens 


Pull-out force (N) 


Insertion torque 
(N.m) 


BMD of body 
(g/ml) 


Bicortical 


11 


1271 


(449) 


1.93 


(0.67) 


0.38 (0.08) 


Unicortical 


11 


778 


(443) 


1.26 


(0.4) 


0.4 (0.06) 


Bicortical 


7 


570 


(194) 


0.96 


(0.24) 


0.24 (0.05) 


Unicortical 


6 


368 


(171) 


0.88 


(0.19) 


0.26 (0.04) 



Lateral (alar) 
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Figure 44.10. A plot of pull-out force versus insertion torque for medial sacral screw insertions. Linear regression lines for both data sets are 
plotted. 




Figure 44.11. A plot of pull-out force versus BMD for medial sacral screw insertions. Linear regression lines for both data sets are also plotted. 



SI centrum region to be 56% denser than in the 
SI lateral alar region [48], and this is consistent 
with other results [13,20]. A recent study [58] 
further showed the insertion torques for medial 
bicortical and unicortical screw fixation to be 
101% and 43% higher than the insertion torques 
for lateral bicortical and unicortical screw fixa- 
tion, respectively. The pull-out forces sustained 
by medial bicortical and unicortical screw fixa- 



tion following cyclic loading were significantly 
higher than those placed laterally, where the 
BMD and insertion torques are lower. 

A previous study of the depth of insertion of 
transpedicular vertebral screws [34] suggested 
that even a 5 mm difference in screw length 
can produce a significant increase in bone screw 
fixation strength in vertebral bone. However, it 
has been reported that in an older population. 
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unicortical and bicortical sacral screw fixations 
sustained similar loads to failure [2,3,48]. The 
anterior cortex of the sacrum was found to be 
anatomically thin in the elderly sacrum, and as 
such has little mechanical effect on screw fixa- 
tion. For young cadaveric specimens, bicortical 
screw fixation proved to be stronger than uni- 
cortical fixation for both medially and laterally 
placed screws, despite the overall screw lengths 
differing by less than 5 mm [12,13]. Engagement 
of the anterior cortex therefore makes a signifi- 
cant contribution to the pull-out strength of 
sacral screw fixation following fatigue loading 
in younger specimens [24,59-61]. 

Biomechanical findings strengthen the clini- 
cal use of preoperative bone density measure- 
ment in selecting patients who may be 
candidates for sacral screw fixation, and suggest 
intra-operative insertion torque, insertion 
depth, and orientation as indicators of the fixa- 
tion strength. 
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Introduction 

Sir John Charnley revolutionized modern 
orthopedics with his development of total hip 
replacement [1]. Today, hip and knee arthro- 
plasties are two of the most highly rated surgi- 
cal procedures in terms of patient satisfaction. 
It is possible that the development of an artifi- 
cial disk may impact the treatment of degener- 
ative disk disease in a similar fashion. Although 
the challenges associated with developing a 
prosthetic disk are great, the potential to 
improve the lives of many individuals suffer- 
ing from symptoms of spinal spondylosis is 
tremendous. 

The idea of spinal disk replacement is not 
new. One of the first attempts to perform disk 
arthroplasty was undertaken by Nachemson 40 
years ago [2]. Fernstrom attempted to recon- 
struct intervertebral disks by implanting stain- 
less steel balls in the disk space [3]. In 1966 he 
published a report on 191 implanted prostheses 
in 125 patients. Subsidence occurred in 88% of 
patients over a 4-7-year period of follow-up. 
These pioneering efforts were followed by more 
than a decade of research on the degenerative 
processes of the spine, spinal biomechanics, and 
biomaterials before serious efforts to produce a 
prosthetic disk resumed. 



Disk Degeneration 

The intervertebral disk constitutes a major 
component of the functional spinal unit. Aging 
results in deterioration of the biological and 
mechanical integrity of the intervertebral disks. 
Disk degeneration may produce pain directly or 



perturb the functional spinal unit in such a way 
as to produce a number of painful entities. 
Whether through direct or indirect pathways, 
intervertebral disk degeneration is a leading 
cause of pain and disability in adults [4]. 
Approximately 80% of Americans experience at 
least a single episode of significant back pain in 
their lifetime, and for many individuals, spinal 
disorders become a lifelong malady. The mor- 
bidity associated with disk degeneration and 
its spectrum of associated spinal disorders is 
responsible for significant economic and social 
costs. The indirect economic losses associated 
with lost wages and decreased productivity are 
staggering. 

Age-related disk changes occur early and are 
progressive. Almost all individuals experience 
diminished nuclear water content and increased 
collagen content by the fourth decade. This 
desiccation and fibrosis of the disk blurs the 
nuclear/annular boundary [5]. These senescent 
changes allow repeated minor rotational trau- 
ma to produce circumferential tears between 
annular layers. These defects, usually in the pos- 
terior or posterolateral portions of the annulus, 
may enlarge and combine to form one or more 
radial tears through which nuclear material may 
herniate [6]. Pain and dysfunction due to com- 
pression of neural structures by herniated disk 
fragments are widely recognized phenomena. It 
should be noted, however, that annular injuries 
may be responsible for axial pain with or 
without the presence of a frank disk herniation 
[7,8]. 

The spine degenerative process that ends in 
painful symptoms usually follows a pattern: as 
the nucleus pulposus loses its ability to retain 
water and loses disk height, the annulus buckles, 
permitting torsional delamination of the 
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concentric plies and often radial tears of the 
annulus. The precursor to nucleus degeneration 
may be alterations in the permeability of the 
vertebral end-plate or its microvascularity. 
Furthermore, many byproducts of anaerobic 
metabolism normally are potentially toxic to 
aerobic structures, especially neural tissue. If 
an annular tear occurs, the accumulating 
anaerobic intradiskal by-products that normally 
are pumped out through the pores in the end- 
plate may escape via the tear(s) and reach the 
polymodal free nerve endings in the outer 
annular layers, potentially causing severe back 
pain. These neurotoxins (such as phospholi- 
pase, metalloproteinases, or stromalysin) may 
even reach the spinal nerve dorsal ganglion, 
causing potentially irreversible dermatomal or 
myotomal damage with dysesthesias, trigeminal 
neuralgia (tic douloureux) effect on the nearby 
ganglion, reflex sympathetic dystrophy, or 
weakness. The intradiskal pH, normally slightly 
acid at about 7.2, with progressive degeneration 
may fall as low as pH 6.8 from the accumulation 
of lactic acid. With further nucleus disintegra- 
tion the pH may fall to or below 6.2 at which 
level regeneration of the gel and repair of the 
inner annulus fibrosus stop. With severe degen- 
eration, the weight of the body comes to rest 
on the outer annular ring, effectively removing 
the force against the disk center, lowering 
the intradiskal pressure, and allowing fibrous 
ingrowth and neovascularization to occur [4]. 

Progression of the degenerative process alters 
intradiskal pressures, causing a relative shift of 
axial load-bearing to the peripheral regions of 
the endplates and facets. This transfer of bio- 
mechanical loads appears to be associated with 
the development of both facet and ligament 
hypertrophy [9,10]. There is a direct relation 
between disk degeneration and osteophyte for- 
mation [10]. In particular, deterioration of the 
intervertebral disk leads to increased traction 
on the attachment of the outermost annular 
fibers, thereby predisposing to the growth of 
laterally situated osteophytes [11]. Disk degen- 
eration also results in a significant shift of the 
instantaneous axis of rotation of the functional 
spinal unit. The exact long-term consequences 
of such a perturbation of spinal biomechanics 
are unknown, but it has been postulated that 



this change promotes abnormal loading of 
adjacent segments and an alteration in spinal 
balance. 

Therapeutic Options 

The current gold standard therapy for degener- 
ative lumbar disk disease with diskogenic pain 
that has failed conservative management is sur- 
gical arthrodesis. Excellent short-term results 
for lumbar fusion in the setting of degenerative 
disk disease have been reported, with clinical 
success rates of approximately 80% [12-14]. 
A recent randomized controlled trial demon- 
strated that at short-term follow-up, lumbar 
fusion is superior to nonsurgical treatment for 
degenerative disk disease with chronic dis- 
kogenic pain [15]. However, lumbar fusion 
surgery is not always successful. In an extensive 
meta-analysis of the literature on lumbar fusion 
surgery. Turner et al. estimated that 32% of 
patients had an unsatisfactory outcome. The 
reported incidence of pseudarthrosis was 14%, 
and 9% of patients suffered from chronic iliac 
crest donor site pain. Furthermore, most post- 
operative protocols for lumbar fusion include 
bracing for a 3-6 month period, which can be a 
significant hardship for patients [16]. 

Furthermore, the results of lumbar fusion in 
long-term follow-up may be compromised by 
the development of junctional degeneration at 
unfused levels adjacent to the fusion. Theoreti- 
cally, loss of motion at fused segments causes 
increased stress and motion at adjacent levels, 
leading to junctional degeneration. In addition, 
disruption in normal sagittal alignment such as 
kyphotic collapse of a degenerated disk con- 
tributes to the junctional degenerative process 
[17,18]. Junctional degeneration may take the 
form of disk degeneration, facet arthrosis, 
stenosis, or instability. Although the true etiol- 
ogy and incidence is unknown, junctional disk 
degeneration has been demonstrated adjacent 
to fused segments in multiple studies [19-21]. 
The theoretical rationale for the total disk 
replacement prosthesis as an alternative to 
arthrodesis is the avoidance of junctional 
degeneration by preservation of motion and 
normal sagittal alignment at the instrumented 
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segment. In order to justify its use, a disk 
replacement prosthesis should demonstrate 
actual motion in vivo and maintain or improve 
the sagittal spinal alignment. Without preserva- 
tion of some motion, a disk prosthesis becomes 
a costly arthrodesis equivalent. If the theoretical 
basis of the disk replacement prosthesis is valid, 
the presence of motion in a disk replacement 
prosthesis may show some protective effect 
against the development of junctional degener- 
ation. Finally, a total disk replacement should 
maintain normal sagittal alignment at long- 
term follow-up because of the relationship 
between alterations in sagittal alignment of the 
lumbar spine and junctional degeneration and 
low back pain [22,23]. 

Challenges of Design 
and Implantation 

There are a number of factors which must be 
considered in the design and implantation of an 
effective disk prosthesis. The device must main- 
tain the proper intervertebral spacing, allow for 
motion, and provide stability. Natural disks 
also act as shock absorbers, and this may be an 
important quality to incorporate into prosthetic 
disk design, particularly when considered for 
multilevel lumbar reconstruction. The artificial 
disk must not shift significant axial load to the 
facets. Placement of the artificial disk must be 
done in such a way as to avoid the destruction 
of important spinal elements such as the facets 
and ligaments. The importance of these struc- 
tures cannot be overemphasized. Facets not only 
contribute strength and stability to the spine, 
but they could be a source of pain. This may be 
especially important to determine prior to disk 
arthroplasty because it is currently believed that 
disk replacement will probably be ineffective as 
a treatment for facet pain. Excessive ligamen- 
tous laxity may adversely affect disk prosthesis 
outcome by predisposing to implant migration 
or spinal instability. 

An artificial disk must exhibit tremendous 
endurance. The average age of a patient needing 
a lumbar disk replacement has been estimated 
to be 35 years. This means that to avoid the need 



for revision surgery, the prosthesis must last 50 
years. It has been estimated that an individual 
will take two million strides per year and 
perform 125,000 significant bends; therefore, 
over the 50-year life expectancy of the artificial 
disk, there would be over 106 million cycles. 
This estimate discounts the subtle disk motion 
which may occur with the six million breaths 
taken per year [24]. A number of factors in 
addition to endurance must be considered when 
choosing the materials with which to construct 
an intervertebral disk prosthesis. The materials 
must be biocompatible and display no corro- 
sion. They must not incite any significant 
inflammatory response. The fatigue strength 
must be high and the wear debris minimal. 
Finally, it would be ideal if the implant were 
imaging “friendly”. 

All currently proposed intervertebral disk 
prostheses are contained within the disk space; 
therefore, allowance must be made for varia- 
tions in patient size, level, and height. There may 
be a need for instrumentation to restore col- 
lapsed disk space height prior to placement of 
the prosthesis. 

The intervertebral disk prosthesis ideally 
would replicate normal range of motion in all 
planes. At the same time it must constrain 
motion. A disk prosthesis must reproduce 
physiologic stiffness in all planes of motion plus 
axial compression. Furthermore, it must accu- 
rately transmit physiologic stress. For example, 
if the global stiffness of a device is physiologic 
but a significant nonphysiologic mismatch is 
present at the bone-implant interface, there 
may be bone resorption, abnormal bone depo- 
sition, endplate or implant failure. 

The disk prosthesis must have immediate and 
long-term fixation to bone. Immediate fixation 
may be accomplished with screws, staples, or 
“teeth” which are integral to the implant. While 
these techniques may offer long-term stability, 
other options include porous or macrotexture 
surfaces which allow for bone ingrowth. Regard- 
less of how fixation is achieved, there must also 
be the capability for revision. 

Finally, the implant must be designed and 
constructed such that failure of any individual 
component will not result in a catastrophic 
event. Furthermore, neural, vascular, and spinal 




506 



Biomechanics and Biomaterials in Orthopedics 



structures must be protected and spinal stabil- 
ity maintained in the event of an accident or 
unexpected loading. 

Current Prosthetic Devices 

Many design types have been performed [25]: 1) 
low-friction sliding surfaces, 2) spring systems, 
3) contained fluid-filled chambers, and 4) 
disks of rubber or others elastomers, but the 
majority have not been used clinically. An inter- 
vertebral disk prosthesis must be designed to 
restore disk space height, to restore motion 
segment flexibility, to generate harmonious 
motion into the spinal triple joint complex, to 
be a shock absorber, to prevent disk degenera- 
tion at adjacent segments, to reduce or eliminate 
pain from motion or from nerve compression, 
and to improve the patient’s functional activi- 
ties. It must be also designed to be biocom- 
patible and durable for more than 40 years. 
Today, basically two main families of disk may 
be recognized. The disk nucleus replacement- 
based devices and the total disk replacement 
devices. 

PDN: Prosthetic Disk Nucieus 

Hydrogel disk replacements primarily have 
hydraulic properties. Hydrogel prostheses are 
used to replace the nucleus while retaining the 
annulus fibrosis. One potential advantage is that 
such a prosthesis may have the capability of per- 
cutaneous placement. The PDN implant is a 
nucleus replacement which consists of a hydro- 
gel core constrained in a woven polyethylene 
jacket (Raymedica Inc., Bloomington, MN) 
(Figure 45.1) [4,26]. 

Ray was the first to indicate the potentiality 
of a prosthetic nucleus to restore nuclear func- 
tion and to promote potential healing of the 
annulus fibrosis. The goal was to re-expand the 
disk space, tighten the annulus fibrosus, and to 
restore the functional stability to the spinal 
segments. 

The pellet- shaped hydrogel core is com- 
pressed and dehydrated to minimize its size 
prior to placement. Upon implantation, the 
hydrogel immediately begins to absorb fluid 




Figure 45.1. The Raymedica prosthetic disk nucleus (PDN) 
(Raymedica, Inc., Bloomington, MN). 



and expand. The tightly woven ultra-high- 
molecular-weight polyethylene (UHMWPE) 
allows fluid to pass through to the hydrogel. This 
flexible but inelastic jacket permits the hydrogel 
core to deform and reform in response to 
changes in compressive forces yet constrains 
horizontal and vertical expansion upon hydra- 
tion. Although most hydration takes place in the 
first 24 hours after implant, it takes approxi- 
mately 4-5 days for the hydrogel to reach 
maximum expansion. Placement of two PDN 
implants within the disk space provides the lift 
that is necessary to restore and maintain disk 
space height. This device has been extensively 
assessed with mechanical and in vitro testing, 
and the results have been good [4,26]. Clinical 
trials were first conducted in 1996 and the 
device was found to be effective in most of the 
patients that were implanted. Additional trials 
in 1997-1998 were less successful, with 38% of 
patients requiring revision surgery because of 
device migration. Subsequent changes were 
made to the device shape and to the surgical 
protocol to facilitate implantation, thereby elim- 
inating the high device-migration rates. Follow- 
ing these modifications, the success rate for the 
device has improved significantly. The PDN is 
undergoing clinical evaluation in Europe, South 
Africa, and the United States. Candidates for 
PDN would have degenerative disk disease man- 
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ifested by morphologic changes (internal disk 
derangements, herniation) and clinical manifes- 
tation (back pain with or without leg pain) 
refractory to conservative therapy. Currently, 
patients with <5 mm residual disk height are 
excluded. The physical implantation of the disk 
is difficult under such circumstances. The PDN 
imparts stability to the motion segment by 
applying tension to the annulus. This requires 
a competent annulus; annular defects may 
exclude a potential candidate. 

Acroflex Disk 

Two elastic-type disk prostheses are the 
Acroflex prosthesis proposed by Steffee and 
the thermoplastic composite of Lee [25,27]. The 
first Acroflex disk consisted of a hexene-based 
polyolefin rubber core vulcanized to two tita- 
nium endplates. The endplates had 7 mm posts 
for immediate fixation and were coated with 
sintered 250 micron titanium beads on each 
surface to provide an increased surface area 
for bony ingrowth and adhesion of the rubber. 
Osteointegration occurs by means of a rough 
surface and by small spikes attached to the 
ventral third of the implant. Transmission of 
motion only functions properly if there is 
good osteointegration of the endplates. This 
prosthesis has largely “constrained” kinematic 
characteristics. The disk was manufactured 
in several sizes and underwent extensive 
fatigue testing prior to implantation. Only six 
patients were implanted before the clinical 
trial was stopped due to a report that 2- 
mercaptobenzothiazole, a chemical used in the 
vulcanization process of the rubber core, 
was possibly carcinogenic in rats [28]. The six 
patients were evaluated after a minimum of 
three years, at which time the results were 
graded as follows: two excellent, one good, one 
fair, and two poor [27]. One of the prostheses in 
a patient with a poor result developed a tear in 
the rubber at the junction of vulcanization. The 
second-generation Acroflex 100 consists of an 
HP- 100 silicone elastomer core bonded to two 
titanium endplates (DePuy Acromed, Raynham, 
MA) (Figure 45.2). 




Figure 45.2. Acroflex (DePuy Acromed, Raynham, MA). 



Mechanical Models: Complete 
Disk Prostheses 

Several articulating pivot or ball-type disk pros- 
theses have been developed for the lumbar 
spine. Hedman and Kostuik developed a set of 
cobalt-chromium-molybdenum alloy hinged 
plates with an interposed spring [29], These 
devices have been tested in sheep. At three and 
six months post-implantation there was no 
inflammatory reaction noted and none of the 
prostheses migrated. Two of the three 6-month 
implants had significant bony ingrowth. It is not 
clear whether motion was preserved across the 
operated segments [24]. 

The Prodisk Implant 

The Prodisk intervertebral disk prosthesis 
(Aesculap AG 8c Co. KG., Tuttlingen, Germany) 
is a modular system allowing customization of 
the device to each patient’s unique anatomic 
and physiologic requirements. It consists of two 
end plates of titanium alloy and a high-density 
polyethylene core. The superior end plates are 
manufactured in four sizes (small, medium, 
large, extra large), three heights (10, 12, 14mm) 
and two geometric configurations: they are 
either plane-parallel or oblique for the sizes 
medium, large, and extra large, allowing an even 
more precise system for attempted surgical 
reconstruction of the lumbar lordosis curve. 
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The inferior end plates are manufactured in four 
sizes and constant obliquity and height. Each 
end plate is coated with titanium plasma in an 
attempt to insure improved bony integration 
and is surmounted by two keels with oblique 
direction and notches to provide primary 
stability. The high-density polyethylene core, 
available in only one height, is composed of an 
inferior cylindrical part, which fits into the 
cylindrical case in the inferior titanium plate 
receptacle, and a spherical part for articulation 
of the core with the cup in the inferior surface 
of the upper plate. 

In term of kinematics, the Prodisk can be best 
described as “semiconstrained”. This implant 
was inspired by the work of Pick [30], Lysell 
[31], and Gonon [32]. It continues the work of 
Rene Louis [33] and situates the flexion- 
extension-rotation center of the mobile spinal 
unit posteriorly and below with regard to the 
middle of the inferior end plate of disk space, 
with a concentric rotation of the posterior facet 
joints during this movement. Lateral bending on 
rotation movement occurs in combination with 
posterior spinal facet rotation. Axial rotation is 
relatively free, and not constrained, with an axis 
angled towards the back in the neutral position 
due to intra-diskal lordosis of the prosthetic 
element in the neutral position in an effort to be 
closest to the theoretical axis of rotation [33]. 
The rotation centers determined in this way are 
described by White and Panjabi [34]. 

The Prodisk prosthesis should provide a 
range of motion of 10° and 10° in flexion- 
extension and in lateral bending. Good-to- 
excellent results were reported in the majority 
of patients receiving this implant [35]. 



The first-generation Prodisk prosthesis was 
created in 1989 and implanted in 64 patients. It 
was an investigational device and its implanta- 
tion required a long and difficult learning curve. 
But after a ten-year follow-up of the patients 
and confirmation of its effectiveness and safety 
design [35], the need for an implant usable by 
every surgeon appears essential for its diffusion. 
The new Prodisk® II (Spine Solution Inc.) 
implant was designed and launched on the 
European market in December 1999. 

The Prodisk® II (Figure 45.3) was designed to 
be an evolution of the first generation. It con- 
sists of two endplates made of Cr-Co-Mo alloy 
coated with a titanium Plamapore surface to 
improve osteointegration. In this prosthesis a 
mono convex polyethylene core is used to act as 
a shock absorber. It is restricted in its base to 
limit distortion and to avoid any flow. This 
core is inserted into the caudal endplate of the 
implant using a multifunctional instrument. 
Once the polyethylene core is firmly anchored 
to the caudal endplate, there are two movable 
parts. Particular importance was placed on 
minimally invasive insertion technique with 
easy-to-plan precision insertion and optimal 
primary anchorage. This is made possible in 
part by a central anchoring keel having teeth at 
the top and a trapezoidal shape in profile. The 
keel is tapped into a groove that has been pre- 
cisely prepared surgically in the midline of the 
vertebra using a special chisel. The keel acts 
secondarily to increase the surface area for an- 
chorage and osteointegration. As a result of the 
press-fit procedure and the surface teeth, the 
special profile of the keel increases primary sta- 
bility. The two endplates of the prosthesis are 




Figure 453. Prodisk II (Aesculap AG & Co. KG. Juttlingen, Germany). 
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grasped via two anchorage holes on the inside, 
and the prosthesis is inserted properly into the 
prepared groove. This allows a high level of 
precision to be achieved when inserting the 
prosthesis. The Prodisk® II can be positioned 
more optimally even if space is limited due 
to anatomic conditions or if the course of the 
vasculature is unfavorable. 

Prospective randomized studies to compare 
disk prosthesis to arthrodesis have started in 
Europe and in the United States comparing the 
ProDisk® to the “gold standard” of a 360° (front 
and back) fusion using allograft in the interver- 
tebral space and pedicle screws with autograft 
posteriorly. 

Link SB Charite Disk 

The Link SB Charite intervertebral prosthesis 
was developed initially in East Germany in 1987. 
More than 2,000 patients worldwide have been 
treated thus far using all three generations of 
implants [36-38]. The Charite III consists of two 
endplates of cobalt-chromium alloy and a 
UHMWPE sliding core that enables near physi- 
ological intersegmental movement up to a 
lordotic inclination of 20°. The end plates are 
provided in five sizes and two basic configura- 
tions of plane as viewed laterally parallel and 
oblique. The UHMWPE cores are available in 
three thickness: 7.5, 9.5, and 11.5 mm. The SB 
Charite prosthesis has “unconstrained” kine- 
matic characteristics (Figure 45.4). 

The biomechanical comparison of the range 
of motion of the normal intervertebral disk vs. 
The SB Charite III prosthesis in vitro vs. The SB 
Charite III prosthesis in vivo was measured 
by Ahrens. The right and left axial rotation, 
forward flexion, backward extension, and left 
and right lateral bending were all comparable, 
but it was noted that the limitation of axial rota- 
tion for the artificial disk requires intact facet 
joints. 

Although there is great concern regarding 
wear debris in hip prostheses in which 
UHMWPE articulates with metal, this does not 
appear to occur in the Charite III [39]. This 
prosthesis has been implanted in over a thou- 
sand European patients with relatively good 
results. In 1994 Griffith et al. reported the results 
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Figure 45.4. Link SB Charite III (Waldemar Link Gmbh and Co., 
Hamburg, Germany). 



in 93 patients with one-year follow-up [37]. 
Significant improvements in pain, walking 
distance, and mobility were noted. Of these 
patients, 6.5% experienced a device failure, dis- 
location, or migration. There were three ring 
deformations, and three patients required re- 
operation. Lemaire et al. described the results of 
implantation of the SB Charite III disk in 105 
patients with a mean of 51 months of follow-up 
[38]. There was no displacement of any of the 
implants, but three settled. The failures were felt 
to be secondary to facet pain. David described a 
cohort of 85 patients reviewed after a minimum 
of at least 5 years post-implantation of the 
Charite prosthesis [36]. Of these, 97% were 
available for follow-up, 68% had good or better 
results, and 14 patients reported the result as 
poor. Eleven of these patients underwent 
secondary arthrodesis at the prosthesis level. 
Despite the concern of many other investiga- 
tors, it is interesting to note that David treated 
20 patients with spondylolisthesis or retrolis- 
thesis with an outcome identical to that of the 
entire group. Clinical trials using the Charite III 
prosthesis are ongoing in Europe, the United 
States, Argentina, China, Korea, and Australia. 

Conclusion 

Spinal disk replacement is not only possible but 
is an exciting area of clinical investigation which 
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has the potential of revolutionizing the treat- 
ment of spinal degeneration. The development 
of a prosthetic disk poses tremendous chal- 
lenges, but the results from initial efforts have 
been promising. The future for this field, and 
our patients, is bright. 
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The Future Problem 

Fractures of the proximal part of the femur - 
hip fractures - are common and costly. The 
number of hip fractures has increased in all 
Western countries during recent decades. This 
has occurred mainly because of an increase in 
the number of elderly people and also due to 
an increase in the risk for hip fracture among 
the oldest persons [1-4,35]. Due to an increased 
aging population all over the world there will 
be a geographical shift in the occurrence of 
hip fractures. The incidence rates of hip frac- 
tures are higher in white populations than 
in others and vary by geographical region. 
Age-adjusted incidence rates of hip fracture by 
gender are higher in Scandinavia than in North 
America and lower in countries of Southern 
Europe [5,6]. The absolute number of hip frac- 
tures in each region is determined not only by 
ethnic composition, but also by the size of the 
population and its age distribution. In 1990 one 
third of all hip fractures in the world occurred 
in Asia despite lower incidence rates among 
Asians. Almost half of the fractures occurred in 
Europe, North America, and Oceania. These 
populations are smaller but older. It was esti- 
mated in the beginning of the 1990s that 323 
million people aged 65 years and over were 
living around the world. This has been esti- 
mated to increase to 1,555 million by the year 
2050 [7]. The increase will be especially high in 
Africa, Asia, South America, and the eastern 
Mediterranean regions. In the USA demo- 
graphic changes alone will more than double 
the number of hip fractures from 238,000 1986 
to 512,000 in the year 2040 [7]. In another 
publication [8] the 340,000 hip fractures around 



the year 2000 will increase to 650,000 in the year 
2050. It has been calculated that the now close 
to two million hip fractures in the world could 
rise to over 6 million in the year 2050. Of these 
71% is calculated to be in Africa, Asia, South 
America, or the eastern Mediterranean regions 
[9]. 

Already today hip fractures are highly 
resource consuming and strenuous for the orga- 
nization of medical care. Optimized methods 
for operation and rehabilitation along with pre- 
ventive measures are necessary to cope with this 
increasing problem, otherwise it can become 
overwhelming. 

Fracture Types 

Hip fractures consist of different types in the 
proximal femur. It is very important whether 
the fracture is located in the femoral neck (cer- 
vical fracture, intracapsular) or through the 
parts of the proximal femur which constitute 
muscle insertions (trochanteric fractures, extra- 
capsular) because both the treatment and the 
course of healing are different [28]. Cervical 
fractures are best classified into undisplaced 
(Garden I and II) or displaced (Garden III and 
IV) [11]. Other sub-groupings have proven 
difficult to reproduce [12]. The trochanteric 
fractures are for routine use best classified 
into two-fragmented fractures (stable) or 
multi-fragment fractures (unstable). The baso- 
cervical fractures are a transition form between 
cervical and trochanteric fractures. They are 
usually treated as trochanteric fractures, but 
can in some cases have healing complications 
similar to the cervical ones. Sub-trochanteric 
fractures are more comminuted and include 
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the area down to five centimeters below the 
trochanter minor. 

The blood supply to the femoral head is often 
damaged after cervical fractures, because the 
vessels either penetrate within the marrow 
cavity or are positioned sub-periosteally on 
the femoral neck. Varying degrees of vascular 
damage caused at the moment of fracture will 
give varying amounts of healing complications. 
Extracapsular trochanteric fractures have good 
vascular supply and few healing complications. 
Some of them are, however, very shattered with 
stability problems. Different systems for a more 
detailed classification of the fractures exist, but 
these are best suited for specialized research 
projects, as the reproducibility has been a major 
problem. In the Swedish national registration of 
hip fractures (RIKSHOFT/SAHFE) the follow- 
ing fracture types were registered based on 



50,000 cases: 

Type I Undisplaced cervical 17.2% 

fractures 

Type II Displaced cervical 37.0% 

fractures 

Type III Baso-cervical fractures 3.1% 

Type IV Trochanteric two-part 23.1% 

fractures 

Type V Trochanteric multi- 14.6% 

fragment fractures 

Type VI Sub-trochanteric fractures 5.0% 



The diagnosis of a hip fracture is made by ordi- 
nary X-ray. From these pictures the fracture type 
is also classified, and they also give information 
about circumstances that can influence the 
choice of operation method, i.e., earlier per- 
formed operations. It can also disclose a pelvic 
fracture, which is a common differential diagno- 
sis for pain from the hip area in elderly patients 
after a fall. All patients with pain from the hip 
after a fall, who have a normal, ordinary X-ray, 
should be further diagnosed with MRI. This can 
usually disclose undisplaced hip fractures with 
the risk of displacement and potential func- 
tional problems. It is also good for diagnosing 
undisplaced pelvic fractures, which are not 
uncommon in the pelvic rami in these age 
groups. If there is no access to MRI, a CT can also 
disclose fractures. Scintigraphy performed after 
1-2 days can confirm the fracture suspicion if 



positive with a localized high uptake. If there is 
a lack of all these facilities, mobilization with 
weight bearing under supervision is a possibil- 
ity with repeated X-ray check-ups, but it is a 
rather costly way of treatment as the patient 
usually has to be put into a hospital ward. MRI 
has proven particularly valuable for acute diag- 
nosis of those undisplaced fractures, which are 
not possible to see on ordinary X-rays. On the 
STIR sequence an increased signal in the bone 
marrow is seen and on T1 -weighted pictures the 
fracture edema is seen as a dark line against a 
light background of trabecular bone marrow. 

Early in the pre-operative course increased 
attention should be given to pain relief for 
the patient, prevention of pressure sores, and 
early handling for rapid operation. The treat- 
ment should aim at operating as soon as pos- 
sible, immediate mobilization on the next 
day with as much weight bearing as can be 
tolerated as regards pain, but no limitations 
in weight bearing due to fear of instability in 
the osteosynthesis. Only in certain very com- 
minuted pertrochanteric or subtrochanteric 
fractures should non-weight bearing be recom- 
mended. In other cases, particularly femoral 
neck fractures, early weight bearing is a test 
of the stability of the osteosynthesis and a fail- 
ure can then be rapidly followed with a re- 
osteosynthesis or with a hip arthroplasty. 

For the fracture types listed above the two 
major controversial areas are displaced femoral 
neck fractures and trochanteric multifragment 
fractures in combination with subtrochanteric 
fractures. Cervical displaced fractures are 
a combined biological and biomechanical 
problem due to the influence of the blood 
supply on healing whereas the trochanteric/ 
subtrochanteric fractures are predominantly a 
biomechanical stability problem due to the 
good vascularization of the bone fragments. 
There are different philosophies for the treat- 
ment of these different fracture types, which 
will be further discussed below. It is possible to 
determine the circulation to the femoral head 
with high accuracy with the use of scintimetry, 
but this is resource consuming and also tends to 
delay the operation. MRI, probably with con- 
trast, will possibly in the future become avail- 
able as a routine tool for the choice of operation 
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method for femoral neck fractures, but these 
techniques are not yet developed. 

Cervical Fractures 

The blood supply to the femoral head after a 
cervical fracture has decisive importance on 
healing. Healing complications after cervical 
fracture consist either of re-dislocation (early 
change of position), pseudarthrosis (non- 
healing), or segmental collapse (femoral head 
necrosis after a healed fracture) [10,13]. A 
segmental collapse is thus rebuilding of the 
femoral head after vascular damage and needs 
a healed fracture for the vessels to grow in. At 
present there is no practical useful method to 
determine the blood circulation preoperatively. 
The degree of dislocation of the fracture on an 
ordinary X-ray picture is not prognostically 
sufficiently accurate. Preoperative scintimetry is 
resource consuming, depends on the position- 
ing of the leg, and delays the operation. The 
goal for the future and a very important area 
for research is to be able to prognosticate 
the healing complications preoperatively and, 
based on that, to choose the primary method of 
operation. Patients with a good blood supply 
to the femoral head should then get a primary 
osteosynthesis and those with a clearly bad cir- 
culation, a primary arthroplasty. When waiting 
for this diagnostic possibility the choice of 
operating method will be dependent on the 
grade of dislocation seen on the X-ray combined 
with the age of the patient, the patient’s other 
medical conditions, and their functional level 
pre-fracture. 

Undisplaced Cervical Fractures 

These have little or no displacement of the frac- 
ture and usually very little risk for vascular 
damage to the femoral head and thereby few 
healing complications. This group of cervical 
fractures contains the Garden groups I and II 
[llj. Primary operation with osteosynthesis is 
advocated all over the world. The methods most 
often used are either two or more parallel 
screws or two hook pins. The screws mostly 



differ by modifications of the configuration of 
the threading in the top part [10,14]. A few 
centers have tried not operating on some undis- 
placed fractures [15], but this leads to increased 
risks of dislocation and thereby a prognostic 
deterioration for healing. Non- operative treat- 
ment also demands non-weight bearing and 
increased check-ups, both clinically and with 
radiography. It is a much safer method to 
operate on the fracture and allow the patient full 
immediate weight bearing [16]. 

Displaced Cervical Fractures 

These fractures have been an area of continuous 
disagreement for the last half century, but 
gradually agreement is now being reached. 
There is a geographical difference internation- 
ally concerning the treatment principles for 
displaced cervical fractures. In Scandinavia, 
particularly in Sweden and Norway, primary 
osteosynthesis has been performed in all cases 
of displaced cervical fracture. The basic philos- 
ophy has been to perform a small, quick, and 
for the patient less-burdening operation first 
and, in case of a healing complication later, 
as a secondary procedure do a well-planned 
arthroplasty. This is usually then performed as 
a total hip arthroplasty where both the femoral 
and the acetabular parts are exchanged. It is 
an undisputed fact that the best long-term 
result after a femoral neck fracture is a healed 
fracture and preservation of the patient’s own 
femoral head provided no segmental collapse 
appears. This will give no future problems. 
An arthroplasty always has the risk of disloca- 
tion in the short term and in the long run the 
risk of loosening, and for hemi-arthroplasties 
also by deterioration of the acetabular cartilage 
over the course of several years. When a patient 
has been fitted with an osteosynthesis and 
two years have passed since the fracture with 
no healing complications, there is little risk 
of further problems from this hip [10,17]. 
Some patients, however, never regain the full 
functional level that they had before the frac- 
ture. The complications after an arthroplasty 
increase after 5-10 years and this risk has to 
be balanced against the expected remaining 
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lifetime of the patient [18]. Therefore, arthro- 
plasty is used mainly in elderly patients with 
clearly displaced fractures. 

In many Western countries the primary 
choice for a displaced femoral neck fracture is 
to perform an arthroplasty. The basic principle 
has been to treat all patients with arthroplasty 
to avoid healing complications. This treatment 
philosophy has now been modified and an 
increasing amount of primary osteosyntheses 
is performed especially in relatively younger 
patients and those with less-severe dislocation. 
Many studies have shown somewhat increased 
mortality after primary arthroplasty compared 
to primary osteosynthesis [10,18,19]. At the 
same time, studies have shown a higher need 
of re-operation after primary osteosynthesis 
within the first two years after the fracture com- 
pared to after a primary arthroplasty. The com- 
plications after a primary arthroplasty develop 
later and also a re- arthroplasty is a more 
complex operation and has more inherent com- 
plications than a secondary arthroplasty after a 
failed primary osteosynthesis [14]. 

The international literature shows that 
healing problems due to vascular damage of the 
femoral head by displaced cervical fracture 
leads to non-union in 10-30% of cases and seg- 
mental collapse in a further 10-20% of cases. 
With an optimized osteosynthesis technique, 
the healing complications (both non-union 
and segmental collapse) have been limited to a 
total of 20-25% for displaced cervical fractures 
[17,20]. 

Primary arthroplasty results in dislocation in 
around 4% of cases following hemi-arthroplasty 
and in 10% following total hip arthroplasty. 
Infection consists of 2-5%. Following a hemi- 
arthroplasty, around 20% of cases develop wear 
and deterioration of the acetabular cartilage in 
the long term. Loosening is expected in around 
10% of cases. Fracture in connection with the 
arthroplasty amounts to 2-4%. Re-operation 
with arthroplasty after a primary osteosynthe- 
sis has been reported in 20-30% of displaced 
cervical fractures. A major re-operation within 
the first years after a primary arthroplasty is 
expected to be needed in around 10% of cases. 
These are then rather complex operations 
[10,14,18]. 



Unipolar hemiarthroplasty or a total hip 
replacement give better functional results 
within the first two years than a primary 
osteosynthesis. A total hip arthroplasty or a 
bipolar hemiarthroplasty probably gives better 
functional results after two years than a uni- 
polar hemiarthroplasty. Cemented stems give 
better outcomes than uncemented. An unce- 
mented cup is not recommended for osteo- 
porotic patients [10]. 

Presently, many randomized studies are 
ongoing both in Sweden and abroad to improve 
the criteria for the choice between a primary 
osteosynthesis and a primary arthroplasty 
[21-24]. Most of these studies have shown a 
relatively high number of complications for 
osteosynthesis when compared with previously 
published consecutive series during the last 
decades [17,20]). A differentiated treatment pro- 
tocol results in fewer re-operations [13,25-27]. 

Based on the preliminary results of these ran- 
domized studies the treatment policy in Sweden 
has changed during the last years so the most 
displaced fractures in elderly patients now in an 
increasing number receive a primary arthro- 
plasty. A primary arthroplasty is advocated if 
the cervical fracture is clearly displaced with 
lack of continuity both on the frontal and the 
side view, particularly in patients with high 
degree of osteoporosis. Also, the patient should 
have been walking prior to the fracture. The age 
should be above 70-75 years, where biological 
age is more important than chronological. Irre- 
spective of the patient's age, primary arthro- 
plasty is recommended in cases with disease to 
the hip joint such as rheumatoid arthritis or a 
pathological fracture secondary to malignancy 
or other destruction of the hip joint - for 
example, after infection. Also, a lately diagnosed 
fracture is indicated for arthroplasty, particu- 
larly if the scintimetry has shown a low uptake. 
Arthrosis in the fractured hip joint is also an 
indication for primary arthroplasty. Primary 
arthroplasty is, however, not recommended 
for patients with severe dementia, bedridden 
patients, or patients with bad muscular function 
due to the increased risk of dislocation. 

The tendency internationally now aims at a 
differentiated treatment protocol according to 
the principles given above. In waiting for better 
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diagnostic possibilities of circulation to the 
femoral head, the principles indicated will prob- 
ably result in half of the displaced cervical 
fractures being operated with primary osteo- 
synthesis and the other half with a primary 
arthroplasty, then preferably with cemented 
stem and maybe bipolar. 

Timing of Operation 

Hip fracture patients should be operated on as 
soon as is practically possible. Directly life- 
threatening conditions must, of course, have 
priority over hip fractures, but these elderly 
patients will have a prolonged rehabilitation 
and functionally less optimal results if the time 
between arrival in hospital and the operation is 
unnecessarily delayed. This in turn leads to 
more complications and inactivity in these 
elderly persons. It can also generate increased 
nursing needs with adverse economic conse- 
quences. The goal is to operate on the patient 
on the day of arrival or, at the latest, within 
24 hours. If the patient is operated on with 
osteosynthesis within six hours of fracture, it 
has been shown that the risk for blood circula- 
tion disturbance to the femoral head and result- 
ing healing complications diminish [28]. 

Apart from the problems associated with 
pain and immobilization, a delay of the opera- 
tion is associated with increased morbidity 
and mortality. A delay of more than 24 hours 
between arrival in hospital and osteosynthesis 
of the fracture has been shown to be associated 
with increased mortality. Lower mortality has 
been shown when the operation was performed 
within 12 hours. If a delay is unavoidable the 
time should be used to improve the general 
condition of the patient, particularly the fluid 
balance [14,18]. 

Practical Considerations 
at Operation 

Osteosynthesis for cervical fractures is per- 
formed with the use of a fracture table allowing 
traction under the image intensifier. A biplanar 



image intensifier is preferably used. It is wise 
to supervise the transferring of the patient to 
the fracture table, as the injured leg has to be 
treated with great care to prevent fracture dis- 
placement occurring or damage to the retinac- 
ular vessels. Manual traction on the leg for 
straightening during transfer is advisable. 
Also, to reduce the risk of pressure sores, 
padding should be applied to any area of pres- 
sure such as around the feet, sacrum, and groin. 
The uninjured leg should be flexed and 
abducted as much as possible. Positioning of the 
image intensifier is easier if the hip and knee 
are flexed to 90 degrees on the uninjured side 
(Figure 46.1). A displaced cervical fracture is 
reduced by longitudinal traction followed by 
inward rotation. A biplanar image intensifier 
has the advantage that after positioning of the 
equipment no further movements of the stand 
or tube are necessary, which avoids jeopardizing 
the draping and thereby the sterility. Shifting 
between the views is done on the monitor with 
a foot pedal, which considerably saves operation 
time. Also, the easy, rapid shifting between the 
positions increases the precision in the posi- 
tioning of the osteosynthesis material. The 
importance for the circulation to the femoral 
head of a low traumatic operating technique has 
been proven [29]). The channel should be pre- 
drilled and hammering in of the osteosynthesis 
material avoided. Also, impaction of the fracture 
by hammering increases the damage of the 
circulation to the femoral head. The best way 
to achieve compression in the fracture is by 
the patient’s own muscle forces at weight 
bearing. For undisplaced fractures early surgery 
will allow aspiration of any hematoma within 
the joint capsule. This may reduce the risk of 
avascular necrosis caused by ischemia from a 
tamponade effect on the intracapsular vessels. 
Cervical fractures are operated with parallel 
pins or screws to allow axial compression along 
the axis of the femoral neck perpendicular 
to the fracture line when the patient is weight 
bearing. This is a physiological way of com- 
pressing the fracture. To prevent slipping out 
of the osteosynthesis material they are either 
threaded as screws or have a hook that can 
be pressed out through a central canal. To 
facilitate parallel positioning most devices are 
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Figure 46.1 . Positioning of biplanar image Intensifier. Patient supine on traction table. 



cannulated and have instruments to enable 
parallel placement. The most commonly used 
methods of fixation are two or three parallel 
cancellous screws, two parallel hook pins, or 
a dynamic hip screw. The blood circulation to 
the femoral head via the capsule vessels along 
the femoral neck is vulnerable. Sudden, forceful 
movements of the hip during reduction or 
excessive traction causing fracture diastasis 
may damage the femoral head circulation. 
The fracture is usually reduced by applying 
traction to the outstretched leg, followed by 
internal rotation. These maneuvers should be 
checked throughout the procedure in both the 
lateral and the anterior-posterior radiograph 
using the image intensifier which should have 
a large field of view and a good resolution facil- 
ity. The reduction maneuver is begun by using 
the fracture table to apply gentle traction to 
the leg progressively while checking the AP 
radiograph. Traction is applied until the medial 
parts of the femoral neck, the calcar region, 
are approximated with anatomical contact 
between the bone ends. Next, the lateral view 
is obtained and the foot is rotated inwards 
until the dorsal angulation of the femoral neck 
fracture has been counteracted. This part of 
the maneuver can be likened to closing an 



open book. The aim is to restore the alignment 
of the femoral neck such that a straight line 
can be drawn to bisect the femoral head, 
trochanteric region, and shaft. It is essential 
that there is no residual fracture angulation, as 
this will increase the risk of re-displacement 
of the fracture. Quite frequently there is need 
to apply more than 90 degrees of inward 
rotation to achieve reduction. Small correc- 
tions with ab-adduction and sometimes eleva- 
tion of the leg may also be needed to obtain 
an anatomical reduction. Following the reduc- 
tion maneuver it is advisable to slacken the 
traction somewhat. This allows some impac- 
tion to occur at the fracture site and reduces 
the risk of the femoral head rotating during 
drilling. 

Open reduction is very seldom indicated. 
Only in very young patients can it be tried and 
then combined with insertion of a pedicle graft 
consisting of a piece of bone with a muscle 
bridge which is implanted into the fracture site. 
In all middle-aged and older patients the alter- 
native is rather a total hip arthroplasty if there 
is inability to obtain an adequate closed reduc- 
tion. This is also advisable if the fracture is 
more than one week old or if there is early re- 
displacement following internal fixation. 
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Positioning of Two Hook Pins 
or Screws 

Commonly used screws are the Garden screws, 
Asnis screws, Uppsala screws, and AO screws. In 
Sweden and Norway the Hansson hook pins are 
widely used. The screws and pins usually are 
about 7 mm in diameter and inserted parallel to 
each other. The aim is to create a three-point fix- 
ation, where the first point is the entry hole in 
the firm lateral cortical bone, the second point 
is the pin lying on the calcar inferiorly or pos- 
teriorly within the medullary cavity of the neck, 
and the third at the subcondral bone plate 
(Figure 46.2). The lateral skin incision should be 
extended distally from a point about 2 cm distal 
to the greater trochanter for a length of about 
5 cm. The exact positioning of the incision is 
best located using a guide wire or other radio- 
opaque object on the skin surface and screening 
with an image intensifier in the AP view. After 
skin incision a guide wire is introduced. The 
inferior pin should be inserted through a drill 
hole at the level of the middle/lower part of the 
lesser trochanter. If the drill hole is situated 
distal to this point there is increased risk of frac- 
ture of the femur through the distal hole. The 
distal pin should rest along the calcar femorale 
and go up into the femoral head until 2-3 mm 
from the joint line (Figure 46.3 and 46.4). While 




Figure 46.2. Positioning of osteosynthesis material for hook pin 
osteosynthesis after anatomical position of femoral neck fracture. Ante- 
rior/posterior view drawn as seen in image intensifier. 



introducing the Kirschner wire the position is 
repeatedly checked with an image intensifier in 
the AP and lateral planes. On the lateral view the 
guide wire should appear within the center of 
the femoral head and neck. The second, proxi- 
mal guide wire is then placed in a position par- 
allel to the first one. It should be spread as far 
apart as possible from the lower one in the 
femoral neck. When three screws are used, for 
example of the Asnis type [30], a triangular 
pattern is recommended for undisplaced or 
impacted intracapsular fractures. For displaced 
fractures, four screws in a diamond pattern is 
suggested. This is said to give better rotatory 
stability. Impaction along the femoral neck 




Figure 46.3. Hook pin osteosynthesis. Lateral view as seen in image 
intensifier. 




Figure 46.4. Hook pin osteosynthesis. Lateral view as seen at the 
operation. 




522 



Biomechanics and Biomaterials in Orthopedics 



combined with a minor rotation gives some- 
what angulation of the osteosynthesis material, 
but still allows further impaction when two pins 
are used (Figure 46.5 and 46.6). 

Considerations at Arthroplasty 

The hip fracture patient is usually a woman 
with osteoporosis and short stature. Extra care 
should be taken not to cause perforation of the 
acetabulum by reaming for a total hip arthro- 
plasty or by causing a femoral shaft fracture. 
Smaller sizes of arthroplasty are usually needed. 
Postoperative direct weight bearing should be 
allowed and postoperative restriction should 
be kept to a minimum. Capsulectomy should be 
avoided to prevent postoperative dislocation 
and a posterolateral exposure is usually favored 
due to limited tissue dissection needed, which 
gives shorter operation times and less blood 
loss. The abductors are not damaged by this 
approach and there is a lower risk of femoral 
penetration. This exposure has been said to have 
a somewhat higher risk of dislocation and the 
sciatic nerve must be carefully watched to 
prevent damage. The anterolateral approach is 




Figure 46.5. Hook pin osteosynthesis. 



possible, with a lower risk of dislocation, but has 
the disadvantage of a greater amount of tissue 
dissection and a more restricted access for posi- 
tioning of straight, long-stem arthroplasties. If a 
hemiarthroplasty is to be used special care is 
necessary to avoid damage to the acetabular 
cartilage. Forceful movements and hammering 
should be avoided and the femur is preferably 
prepared only by hand-held reamers. Cementa- 
tion of the femoral shaft gives better results than 
the uncemented classical Austin-Moore pros- 
thesis. There is concern about less tolerance of 
these elderly patients to the cementation pro- 
cedure so pulse and blood pressure should 
preferably be monitored and excessive pressure 
should be avoided even if modern cementing 
techniques are recommended. There is a risk of 
cardiac arrhythmia and low blood pressure 
during the insertion of the cement. To prevent 
this, a venting catheter to allow air to escape 
from the femur during cementation has been 
tried, together with intravenous cortisone. 
There are no regular studies to approve this. 




Figure 46.6. Drawing of hook pin osteosynthesis after weight 
bearing. An axial somewhat rotational compression often occurs result- 
ing in physiological impaction of the fracture and some angulation of 
the pins still allowing further axial compression. 
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Depending on the patient’s biological age and 
activity level before the fracture, different types 
of arthroplasty are chosen. Usually an ordinary, 
one-block hemiarthroplasty is chosen for the 
oldest and most disabled patients, whereas a 
bipolar hemiarthroplasty is used for somewhat 
younger and fitter patients, and a total hip 
arthroplasty is given to the youngest and health- 
iest patients [31]. 

Trochanteric Fractures 

In trochanteric fractures the circulation to both 
bone ends is undamaged and healing complica- 
tions are much less usual than for cervical frac- 
tures. Instead, osteoporosis increases the risk of 
fragmentation in trochanteric fractures. A 
minor percentage of trochanteric fractures can 
be so comminuted that early direct weight 
bearing is hindered. The most widely used oper- 
ation method is a sliding screw plate (Figure 
46.7). This is a method that is fairly easy to teach 




Figure 46.7. Trochanteric fracture operated with screw plate. 



on a large scale and has few complications. 
Modern metal techniques withstand metal 
fatigue, apart from cases with longstanding 
pseudarthrosis where a metal plate fracture can 
occur, usually after 6-12 months. During the last 
decade, short, intramedullary devices have been 
introduced as alternatives to the screw plate. 
The postulated advantages are shorter opera- 
tion time, less bleeding due to other exposure, 
and a biomechanically shorter lever arm for 
weight bearing on the osteosynthesis material. 
Randomized studies have not shown any supe- 
rior results of these intramedullary devices 
compared to the ordinary extramedullary screw 
plate. In some cases a significantly increased 
risk of femoral shaft fracture has been shown. 
Inadequate reaming of the femur is normally 
the cause, in conjunction with excessive force 
when inserting the nail. An alternative reason 
may be that the lateral cortical bone around the 
lag screw is not load protected by a barrel, as 
with the screw plate. A fissure in this area may 
more readily extend. 

The main indications for intramedullary fix- 
ation are low trochanteric fractures, hip frac- 
tures with associated femoral shaft fracture, and 
pathological extracapsular fractures. 

There is also a modification of the side plate 
that allows sliding along the femoral shaft 
combined with that along the femoral neck to 
impact the fracture more anatomically [32]. The 
results on consecutive series seem promising 
with a lowered cut out of the screw in the 
femoral head. 

A basic biomechanical principle for good 
healing of trochanteric and subtrochanteric 
fractures is contact between the major weight- 
bearing bone fragments. Rigid fixation systems 
counteract this and lead to pseudarthrosis and, 
in the long run, breakage of the plate due to 
metal fatigue. At repositioning during the oper- 
ation and the following mobilization and weight 
bearing, good contact is aimed at in the major 
bone fragments, sometimes at the price of a 
certain shortening of the leg. The main goal is a 
rapid healing of the fracture. In some cases 
increasing pain and too much collapse of the 
fracture make non-weight bearing necessary. 
This is also the case if the screw through the 
femoral neck and head threatens to cut through 
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the subcondral bone into the hip joint (Figure 
46.8). If the patient cannot support weight 
bearing with aids such as a walking table, rolla- 
tor, quatra peds, sticks, or crutches, some weeks 
of sitting in a chair might be necessary. In the 
long run all trochanteric fractures heal, usually 
within 3-5 months. The development of femoral 
head necrosis is very rare, but there is some 
percentage of pseudarthrosis development 
which is higher if a more rigid fixation system 
has been used. 

Dynamic extramedullary osteosynthesis 
(screw plate) is much better than rigid nail 
plates [33]. The Ender method, which was 
previously widespread in Europe, has in several 
randomized studies shown inferior results 
compared to the screw plate [34]. The intra- 
medullary type of osteosynthesis with a screw 
up through the femoral neck and a short 
intramedullary rod often with transverse screws 
through the femoral shaft (the first type was 
called Gamma nail) has in several randomized 




Figure 46.8. Trochanteric fracture with screw plate after compression 
by weight bearing resulting in cutting through of the femoral head. 



comparative studies shown the same risk of cut 
out through the femoral head as the conven- 
tional screw plate whereas the intramedullary 
device has resulted in more re-operations, 
usually due to fracture at the distal end of the 
intramedullary nail. The technique is somewhat 
more demanding to perform [10]. It is, however, 
used as the only routine method in some centers 
in Europe. In the literature there are reports 
of a frequency of cut out of the femoral 
screw through the femoral head into the acetab- 
ulum with the use of a conventional screw 
plate in up to 10% of cases. This has been dimin- 
ished with the new axial screw plate (Medoff 
plate). Reversed, oblique pertrochanteric frac- 
tures are especially suited for this type of 
osteosynthesis. 

Subtrochanteric Fractures 

Subtrochanteric fractures have a considerably 
higher frequency of healing complications com- 
pared to trochanteric fractures. This is due 
to the high mechanical forces acting in this 
area and the fact that fractures often are very 
comminuted, giving inferior stability to the 
osteosynthesis system. One problem with the 
conventional screw plate for subtrochanteric 
fractures is that a distal fracture line transfers 
the dynamic screw plate to become a more static 
implant as the fracture is situated below the area 
for the gliding screw. This leads to complications 
associated with the static fixations such as 
delayed healing, pseudarthrosis, breakage of the 
plate, and cutting through of the femoral head 
by the screw [10,14]. This has led to an increased 
use of long intramedullary nails with transverse 
fixation screws in the distal part and a screw 
through the femoral head and neck in the prox- 
imal part. With this device, very long and com- 
minuted femoral shaft fractures can be handled. 

Weight Bearing and 
Rehabilitation 

The goal after a hip fracture is to rehabilitate the 
patient to the same functional level as before the 
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fracture [35]. A stable osteosynthesis system or 
a well-fixed arthroplasty is a prerequisite for 
this. The operation should allow direct post- 
operative weight bearing to start immediately 
the day after the operation (Figure 46.9). This is 
possible for the majority of patients operated 
with osteosynthesis for femoral neck fractures 
as well as for those receiving an arthroplasty. 
Weight bearing by walking gives a physiological 
impaction of the fracture and stimulates the 
bone healing process. The rule is immediate 
postoperative weight bearing. Furthermore, 
elderly patients usually find it difficult to have 
restricted weight bearing and cannot handle 
crutches as well as young patients can. 

As mentioned above, for trochanteric frac- 
tures the majority can have full weight bearing 
whereas a small part of such fractures need 
more care due to very comminuted fractures. 
During recent decades successful rehabilitation 
programs have spread, consisting of direct 
mobilization in the hospital and continued 
walking rehabilitation in the patient’s own 
home [26,36-45]. 




Figure 46.9. Weight bearing with quatrapeds. Direct postoperative 
mobilization and continued rehabilitation in the patient's own home. 



Hip Fracture Audit 

Due to the increasing burden on the health care 
system of osteoporotic fractures in the elderly, 
particularly hip fractures, it is very important 
to know the results of everyday treatment on a 
national basis of these fractures. In Sweden, a 
national registration of hip fracture treatment 
was introduced in 1988 [46]. This has spread 
internationally and in 1995 the Standardized 
Audit of Hip Fractures in Europe (SAHFE) was 
started based on the Swedish RIKSHOFT expe- 
rience [47]. 

The pattern of living before fracture and 
postoperatively up to 4 months after femoral 
neck (Figure 46.10) or trochanteric fractures 
(Figure 46.11) shows that of those patients 
coming from their own home, the majority had 
returned there after 2-3 weeks of treatment at 
the orthopedic department. Actually, the mean 
hospitalization time is now just under 10 days. 
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Figure 46.10. Living pattern before and at different time periods after 
a femoral neck fracture in Sweden based on 28,000 patients. 
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Figure 46.1 1 . Living pattern before and at different time periods after 
a trochanteric hip fracture in Sweden based on 20,000 patients. 



The rest of the patients are rehabilitated 
through an institution. This is mainly due to 
other diseases existing before the fracture. 
Within a month from the fracture the majority 
of patients from their own home or service 
house have returned to their previous place of 
living. After two months a very stable pattern 
of rehabilitation is apparent from the graph and 
at four months after the fracture, the majority of 
patients are back in their pre-fracture way of 
living. 

Irrespective of the philosophy chosen for the 
treatment of hip fractures it is of the utmost 
importance to be able to compare the results 
from the different treatment programs. Differ- 
ent countries have various traditions both 
socially and in medical treatment, but inter- 
nationally, comparisons will more rapidly bring 
out optimized ways of treatment that will be 
the solution to cope with the increasing 
amount of hip fractures during the coming 
decades. Participation in the SAHFE project is 



a way to accomplish this (for information see 
www.SAHFE.ort.lu.se). 
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47 Normal and Prosthesic Hip Biomechanics 

C. Sorbie, R. Zdero, and J. T. Bryant 



To assess the diseased human hip, it is necessary 
to appreciate the motions, forces, and stresses 
in both normal and abnormal states. Only with 
this basic understanding can the clinician or 
engineer bring lasting relief to the patient suf- 
fering from hip disease or malfunction. To this 
end, the following discussion of the biomechan- 
ics of the normal and damaged hip is offered. 

Normal Hip Biomechanics: 
Functional Anatomy and 
Load Transfer 

The normal human hip is basically a bony ball- 
and-socket interface composed of a convex, 
cartilage-covered femoral head and concave 
acetabulum. It is surrounded by passive soft 
tissues and active muscles (Figure 47.1). In 
shedding light on the workings of the normal 
human hip during activities of daily living 
(ADLs) or even traumatic occurrences, it is 
important to recognize that every anatomical 
feature has a role to play either in ensuring 
the necessary biomechanical conditions for the 
proper completion of ADLs or in preventing 
injury. In the following, the function of the more 
important contributing anatomical components 
and related issues will be discussed. 

Ball-and-Socket Congruity 

Although the articulating interface of the hip 
joint is often described as ‘‘ball-and-socket” 
(spheroid), its geometry is in reality non- 
congruous. The head of the femur forms two- 
thirds of a sphere [1,2] and is somewhat 
compressed in the anteroposterior direction [3], 



whereas the socket, or acetubulum, is not a 
spheroidal cup but has a horseshoe shape [4]. 
It might be assumed that non-congruous 
geometry would be the cause of uneven joint 
load distributions and, hence, damage to the 
cartilage-lined joint interface. The opposite, in 
fact, is true. During the unloaded state, the 
degree of conformity of the surfaces is unim- 
portant, as they are unengaged and do not facil- 
itate any load transfer [4,5]. However, as loading 
starts and increases, the acetabular surface 
geometry changes from being incongruent 
to congruent, thereby creating the maximum 
amount of cartilage and bone contact. The joint 
force is then evenly distributed (Figure 47.2). 
This surface engagement is the major stabilizing 
force in hip function. In fact, as shown in Figure 
47.3, if the joint was perfectly conforming in the 
unloaded state, increasing joint force during 
active loading would lead to a non-conforming 
articulation, uneven load distribution, dimin- 
ished contact area, and a predisposition to car- 
tilage trauma [4]. 

Abnormal congenital ball-and-socket hip 
joint congruency occurs in Congenital Disloca- 
tion of the Hip (CDH), acetabular dysplasia, or 
subluxation, in which there is inadequate 
acetabular coverage of the femoral head for 
proper joint stability and function. Treatments 
have included the use of the Children’s Hospital 
abduction brace, the Pavlik harness, and the 
Frejka splint [6]. As shown in Figure 47.4, these 
methods increase abduction of the hip by apply- 
ing an abducting treatment force, F, over a 
period of several months. This increases adduc- 
tor tension, T, and creates a “tension band” 
effect. It then follows that the resulting femoral 
force, R, also rises and progressively deepens 
penetration of the femur into the acetabulum. 
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increasing hip joint congruency and stability. 
Excessive joint reaction force, however, com- 
monly leads to avascular necrosis caused by 
impairment of blood supply and can result in 
deformation of the relatively soft femoral head. 
It is therefore recommended that rigid hip 
immobilization be avoided, especially in frog- 
like abduction, unless soft-tissue release is first 
performed to reduce often-painful adductor 
tension, T, and the “tension band” effect. 

Trabecular Bone 

The trabeculae composing the proximal femur 
are a honeycomb-like network of bony struc- 
tures whose function it is to maintain the struc- 
tural integrity of the femur under tensile and 
compressive forces at the hip joint. As shown in 
Figure 47.5, the trabeculae are organized into 
specific zones whose orientations are dictated 
by the magnitude and direction of the forces 
they normally encounter [1]. These regions are 
often classified into three main networks of tra- 
beculae: the arcuate, medial, and lateral systems 
[1,3]. 

The arcuate system primarily resists the 
tensile stresses caused by a bending moment 
about the neck of the femur. The medial system 
is a vertically oriented set of trabeculae which 
sustain compressive loads acting vertically 
through the femoral head. The lateral system 



NO LOAD 

Acetabulum 







Figure 47.2. The change in congruency of the normal hip joint during 
loading. The ball-and-socket incongruency at no load ensures that 
maximum conformity occurs as weight bearing increases. Redrawn with 
permission from Greenwald [5]. 



trabeculae are oriented along the trochantric 
line and resist both compressive and tensile 
forces caused by hip muscle action. 

The areas of greatest strength overall are 
those where trabecular systems intersect 
orthogonally due to their ability to resist equally 
compression and tension in any given direction. 
However, a region of weakness, termed Ward’s 
triangle, is particularly prone to fractures under 
excessive loading or during the progression of 
osteoporosis because, in the triangle, trabeculae 
do not intersect and are thin. In young adults, 
loading of the femoral head would need to reach 
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Figure 47.3. Abnormal hip joint loading. If perfect conformity 
occurred at no load, increased weight bearing would generate non- 
conforming articulation with a region of cartilage undergoing abnor- 
mally high stresses. 



or exceed 12-15 times body weight before neck 
fracture [3]. In the aged, however, it is not 
uncommon to find complete loss of trabeculae 
in this triangular region and only marrow fat 
present [7]; the load to fracture is reduced sig- 
nificantly. This correlates with the observation 
that the femoral neck is the most common frac- 
ture site in the elderly [2]. 

Femoral Neck Angles 

There are two angular relationships of the 
femoral neck that are particularly important in 
hip joint motion, namely the neck-shaft angle in 
the frontal plane (or angle of inclination) and 
the neck angle in the transverse plane (or angle 
of torsion), as shown in Figure 47.6. 

The angle of inclination in an adult hip is 
125 ± 5 degrees (Figure 47.6a), with coxa valga 
being the condition when this value exceeds 130 
degrees and coxa vara when the inclination is 
less than 120 degrees [1]. The importance of this 
feature is that the femoral shaft is laterally dis- 
placed from the pelvis, thus facilitating freedom 



for joint motion [2]. If there is significant devi- 
ation in angle outside this typical range, the 
lever arm used to produce motion by the abduc- 
tor muscles will be either too small or too large 
[2]. Extreme cases in which the angle is less than 
100 degrees may require surgical correction to 
restore the proper force relationships about the 
hip [1]. Furthermore, the change in neck-shaft 
angle over a human life cycle, which steadily 
decreases from 150 degrees three weeks after 
birth to 120 degrees in the adult, indicates that 
there is increasing reliance on the developing 
musculature to provide joint stability than ball- 
and-socket engagement, which is the case with 
infants [1]. 

The angle of torsion is normally anteverted 
about 12-14 degrees for the adult hip (Figure 
47.6b) and facilitates the proper amount of 
internal-external rotation during gait [2,3]. 
Anteversion greater than 12-14 degrees may 
cause a portion of the femoral head to become 
uncovered, causing a tendency to walk with 
internal rotation of the hip to keep the femoral 
head fully engaged with the acetabulum. Con- 
versely, a neck retroverted below 12 degrees will 
result in a tendency to externally rotate the leg. 

Musculature 

The ball-and-socket geometry of the hip 
permits rotational motion in all directions, 
necessitating a large number of controlling 
muscles arising from a wide surface area to 
provide adequate stability [4]. The 22 muscles 
acting on the hip joint not only provide stabil- 
ity but also the forces required for movement of 
the femur during activity [8]. These muscles can 
be classified according to their function as 
flexors, extensors, adductors, abductors, and 
external and internal rotators (Figure 47.7). 

Flexors and extensors are closely balanced in 
terms of the forces that each generates [7]. They 
are primarily responsible for moving the femur 
in the sagittal plane about the transverse hip 
joint axis. The two strongest flexors are the iliop- 
soas, whose tendon inserts at the base of the 
lesser trochanter, and the rectus femoris. Both 
perform powerfully during activities such as 
kicking when the knee is flexed [1]. The gluteus 
maximus is the principal extensor and extends 
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Joint Reaction 





Figure 47.4. Treatment of Congenital Dislocation of the Hip (CDH),dysplasia,or acetabular subluxation intends to increase abduction of the hip by 
applying a treatment force, F.The femoral force, R, progressively deepens penetration of the femur into the acetabulum. Increasing hip joint congru- 
ency and stability. Past approaches have included the use of the Children's Hospital abduction brace, the Pavlik harness, or the Frejka splint.The result- 
ing "tension band" effect was modeled mathematically with the simplified assumptions of fixed adductor muscle stiffness, /r, and zero initial tension, 
T,atp = 90 degrees. The graph illustrates the rise in normalized adductor tension, T/kB, with Increasing abduction angle, /3, for changes in length 
ratio, M. 



Meciial Trabeculae 




Figure 47.5. The honeycomb-like structure of trabecular bone in the 
proximal femur. The arcuate, medial, and lateral systems each sustain 
the bone under different stress states. Regions of trabeculae intersect- 
ing orthogonally provide the greatest strength. Ward's triangle Is the 
weakest region, being almost completely osteoporotic. 



the hip during activities such as stair climbing 
or rising from the seated position. The three 
hamstring muscles, biceps femoris, semimem- 
branosus, and semitendinosus, also assist in hip 
extension, their contribution increasing as the 
knee is extended. 

Adductors and abductors, which are also 
equally force balanced [7], are dedicated to 
rotating the femur in the frontal plane. The 
adductors form the greatest muscle mass on the 
medial side of the hip, the primary ones being 
adductor longus, adductor brevis, and adductor 
magnus. The main abductor muscle is gluteus 
medius, a three-part muscle inserting on the 
greater trochanter. It plays a crucial role in pre- 
venting pelvic drop during the single leg stance 
phase of walking, as does the gluteus minimus, 
which lies deep within the gluteus medius. 

External and internal rotators turn the femur 
laterally and medially around the long axis 
of the leg. There are no muscles specifically 
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Figure 47.6. Femoral neck angles, a The angle of inclination of the femoral neck is approximately 1 25 degrees in the adult human hip. Significant 
deviations, as in coxa valga and coxa vara, will alter the biomechanics of the hip. b The angle of torsion is anteverted 12-14 degrees in the normal 
adult. 
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Figure 47.7. The muscles surrounding the hip are classified according to their function as flexors, extensors, adductors, abductors, and external and 
internal rotators. 
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dedicated to internal rotation, but rather this 
motion is performed by the secondary action of 
tensor fascia latae, gluteus medius, and gluteus 
minimus [1]. However, six muscles which lie 
normal to the femur and parallel to the neck and 
head are external rotators, namely obturator 
internus, obturator externus, gemellus superior, 
gemellus inferior, quadratus femoris, and piri- 
formis. Their orientation not only facilitates 
their function as rotators but also provides 
additional stabilization of the hip joint by com- 
pressing the femoral head into the acetabular 
cavity. The external rotators produce almost 
three times as much force as the internal ones 
[7]. 

As previously stated, the muscles of the hip 
joint perform several different functions 
depending on the position of the hip, which is 
caused by a change in the relationship between 
a muscle’s line of action and the hip’s axis of 
rotation. This is referred to as the “inversion 
of muscular action” [9] and most commonly 
manifests as a muscle’s secondary function. For 
example, the gluteus medius and minimus act as 
abductors when the hip is extended but as inter- 
nal rotators when the hip is flexed [7]. The 
adductor longus acts as a flexor at 50 degrees of 
hip flexion, but as an extensor at 70 degrees [1]. 

In addition to providing stability and motion 
for the hip, muscles act to prevent undue 




bending stresses on the femur [4]. When the 
femoral shaft undergoes vertical load (Figure 
47.8), the lateral and medial sides of the bone 
experience tensile and compressive stresses, 
respectively. To resist these potentially harmful 
stresses, as might occur in the case of an elderly 
person whose bones have become osteoporotic 
and susceptible to tensile stress fractures, the 
tensor fascia lata muscle acts as a lateral ten- 
sioning band. 

Muscle weakness around the hip is usually 
compensated by the individual to perform the 
desired task of walking. An example is the 
Trendelenburg’s sign, noted by the pelvis sag- 
ging due to the weakness of the abductor 
muscles on the weight-bearing leg. This is coun- 
tered by the individual shifting their center of 
gravity towards the affected joint by leaning 
over [5,10,11]. This tilting reduces the force 
required by the abductors. 

Labrum 

As shown in Figure 47.9, the labrum is a fibro- 
cartilaginous ring or lip, triangular in cross- 
section, with densely packed parallel fibers, that 
completely surrounds the acetabulum and 
embraces the femoral head in all positions 
[1,5]. Biomechanically, it has three important 
functions. 




Figure 47.8. Femoral bending under load. The tensor fascia lata muscle acts as a tensioning band to reduce compressive and tensile stresses 
generated due to bending. 
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First, it provides added joint stability by deep- 
ening the acetabulum from less than one-half to 
greater than one-half of a sphere, thereby allow- 
ing for a more secure penetration of the femoral 
head into the acetabular cavity [1]. The labrum 
also resists any tendency for femoral head dis- 
location by the development of large hoop 
stresses along its fiber-reinforced ring structure 
[ 12 ]. 

Second, as the free edge of the ring is in close 
contact with the femoral head in all positions, it 
isolates the intra- articular joint from the rest of 
the intracapsular cavity. This creates an effective 
seal that prevents fluid escaping from the intra- 
articular joint [12]. It has been shown that, even 
under a 1,000-1,500 N load, the sealing action of 
the labrum allows a 0.2-0.6mm fluid layer to 
remain between the articulating hip surfaces 
[13]. Retaining adequate fluid and, hence, main- 
taining interstitial joint pressure, is necessary for 
the fluid’s role in load carriage, which can be as 
much as 90-94% of the total load across the hip 
joint [1,12]. Compromising this load-bearing 
mechanism would lead to direct or intimate 
contact between femoral and acetabular carti- 
lage and as much as a 92% increases in contact 
stress [ 1 2] . In addition, such direct contact would 
cause an increase in compressive, adhesive, and 
surface shear stresses during movement, which 
have been linked to cartilage wear [14]. 

Third, the labrum’s compressive material 
properties may allow it to function as a shock 
absorber in the hip joint. In extreme positions 



and movements of the hip, the femoral neck 
may impinge on the acetabular rim, which in 
turn could lead to joint dislocation. During such 
movements, intra-articular fluid flow against 
the labrum will generate force as the femoral 
head “swims” through the synovial fluid. The 
inverse relationship between the labrum’s 
permeability and the drag forces experienced 
means that viscous dissipation of energy may be 
enough to prevent dislocation [12]. 

Cartilage 

The articulating surfaces of the hip joint are 
covered with a layer of porous, wear-resistant 
and springy articular cartilage. The thickness of 
the cartilage varies on different parts of the 
femoral head. It reaches 3 mm at the postero- 
superior region and thins down to about 0.5 mm 
at the periphery [1,7]. Similarly, acetabular car- 
tilage ranges from 2 to 2.5 mm in the postero- 
superior areas to 1mm along the periphery, 
where it blends in with the labrum [1,7]. The 
cartilage is composed of a gelatinous matrix in 
which is immersed a fibrocollagenous frame- 
work. The fiber orientation is arranged ade- 
quately to resist compressive and tangential 
stresses [7]. 

The cartilage, in concert with the synovial 
fluid it expresses, functions as a vehicle for load 
transfer across the hip joint. As shown in Figure 
47.10, it has been proposed that there are 
five load-dispersing mechanisms acting syner- 
gistically, namely hydrodynamic, squeeze film, 
boosting, hydrostatic, and boundary layer 
mechanisms [14,15]. 

Hydrodynamic lubrication occurs during 
high-velocity movements of the femur (0.06 m/s 
for normal walking), by causing the non-New- 
tonian synovial fluid to increase in viscosity. A 
“rigid” fluid wedge is developed between the 
femur and acetabulum. This is a function of gap 
geometry, sliding speed, and the fluid viscosity. 
Note that in this case the direction of applied 
compressive force is normal to the direction of 
bearing surface motion. 

During squeeze film lubrication, synovial 
fluid is squeezed out of the joint space as the 
femoral head approaches the acetabulum 
during loading. In this case, the movement of 
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Figure 47.10. Weight bearing and lubrication mechanisms are typically classified as hydrodynamic, squeeze film, boosted, weeping, and 
boundary layer. 



the bearing surfaces is parallel to the direction 
of applied compressive force. This motion is 
partially resisted by the viscous synovial fluid. 
For example, a film thickness of 20 ^m can resist 
several MPa of pressure for several minutes 
before the fluid layer is depleted. 

Boosting occurs when water from the 
synovial fluid flows into the porous cartilage, 
leaving the larger hyaluronic acid molecules in 
the joint space as lubricants. 



Hydrostatic, sometimes termed weeping, 
lubrication refers to the expression of water that 
had been previously absorbed by the porous 
cartilage back into the joint space. 

Finally, boundary layer lubrication occurs 
for very close proximities (1-100 nm) of the 
articulating surfaces, during which the lubri- 
cating glycoproteins (lubricin) on the cartilage 
surfaces minimize direct femoro-acetabular 
contact. 
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The solid matrix of cartilage also protects 
subchondral bone from damage by acting as 
a cushion minimizing the direct stress levels. 
This is often referred to as “stress shielding”. In 
addition, cartilage’s time-dependent properties, 
which are a function of its solid-fluid biphasic 
nature and its porosity, will resist joint force 
with a relatively slow rate of deformation, or 
creep. Furthermore, because of its compliant 
nature, cartilage is able to conform to the 
contacting bodies of the hip joint articulation, 
thereby distributing compressive forces evenly 
along the joint interface [16]. 

Contact forces and stress levels across articu- 
lar cartilage have been measured or estimated 
using telemetrized hip implants [17,18], endo- 
prostheses [19-21], piezoelectric transducers 
implanted superficially in articular cartilage 
[22], subchondral strain gages and sensors 
[23,24], and gait analysis [25-29]. Forces and 
stresses are dependent on a number of factors 
including type of activity, age, joint orientation, 
joint geometry, cartilage thickness, and material 
properties of both articular cartilage and sub- 
chondral bone [5]. Table 47.1 shows the range of 
forces and stresses that can act across the in vivo 



hip during various activities. Forces, for ex- 
ample, can range from 0.3 to 0.5 times body- 
weight during passive hip motion to 1.29 to 5.95 
times bodyweight in stair descent, with the cor- 
responding average contact pressures reaching 
1.7 MPa and 18.2 MPa, respectively [1]. From 
Fujifilm tests done on a cadaveric hip loaded in 
the normal anatomical position, Miyanaga et al. 

[30] demonstrated that loading is not equally 
distributed over the contact area, there usually 
being a pressure profile with two local stress 
peaks aligned anteroposteriorly (Figure 47.11). 
The location of this peak stress is the site most 
commonly found to display cartilage loss asso- 
ciated with the progression of osteoarthritis 

[31] . 

Although the engaged weight-bearing carti- 
lage area includes the peripheral portion of the 
femoral head, it is usually concentrated along 
the superior regions of the articular surface, as 
shown in Figure 47.12 [5,32]. These antero- 
superior areas are thought to be susceptible to 
cartilage destruction because of long-term 
exposure to alternating stress fields, a proposal 
confirmed by the characteristic lesions found in 
this region among a random sampling of 100 



Table 47.1. In vivo hip joint forces and contact pressures (Selected data from Robbins [1]) 



Artivity or Exercise 


Force Range (times BW) Pressure Range (MPa) 
Min Max Max Max Min Max Max Max 


Passive hip ROM 


0.3 


0.5 




1.7 


Straight leg raise 


0.97 


2.0 


1.85 


5.9 


Lifting opposite leg 


0.4 


2.6 






Isometric quadriceps 






2.13 


3.44 


Isometric hip extension 






3.1 


6.2 


Free speed gait 


1.51 


4.64 


3.69 


6.7 


Slow gait 


1.8 


2.93 


5.2 


7.8 


Fast gait 


2.7 


4.71 


4.4 


7.7 


Crutches or walker (TWB) 






2.0 


6.5 


Crutches or walker (PWB) 


1.82 




1.39 


3.5 


Crutches or walker (NWB) 






1.08 


2.4 


Bilateral crutch walking 


0.6 


3.1 


1.39 


6.5 


Chair raise 


0.8 


1.6 


1.21 


18.0 


Stairs down 


1.29 


5.95 




18.2 


Jogging 


4.33 


5.84 




7.7 


Jumping 






7.8 


16.2 


Double-leg stance 


0.5 


2.42 


0.8 


1.4 


Single-leg stance 


2.0 


5.4 


7.2 


9.7 


Single-leg stance on opposite leg 


0.4 


0.94 


4.2 


9.8 



Min Max: Lowest reported maximum. Max Max: Highest reported maximum. TWB: Total weight bearing. PWB: Partial 
weight bearing. NWB: No weight bearing. 
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osteoarthritic heads [5,32]. The amount of car- 
tilage area engaged, as with contact forces and 
stresses, is dependent on numerous factors. 
In one study, a 2,000 N compressive load, for 
example, corresponding roughly to the 2.9 times 
bodyweight force peak for a 70 kg individual 




15(K) N 





Figure 47.11. Hip joint contact area and pressure distribution for a 
range of compressive loads. Redrawn with permission from Miyanaga 
et al. [30]. 



during walking, can create a contact area as 
large as 17 cm^ [22]. Miyanaga et al. [30] loaded 
a cadaveric hip in the normal anatomical 
position for loads between 20 and 2,000 N. 
Employing the casting method, which utilizes 
the silicone rubber commonly used in dental 
casting, they were able to measure the momen- 
tary contact area engaged for their range of 
loads. As shown in Figure 47.13, the weight- 
bearing area did not increase linearly with load, 
but rather tended to plateau as compressive 
force increased, engaging as much as 79% of the 
total cartilage area available for load transmis- 
sion. Unlike Strange [33], both Miyanaga et al. 
[30] and Afoke et al. [31] found that the shape 
of these areas was kidney-like, being neither 
symmetric nor uniform even at loads as high 
as four times bodyweight, indicating the non- 
conformity of the femur and acetabulum 
(Figure 47.11). Afoke et al. [31] suggest that 
these shapes may also arise from a combination 
of local surface irregularities and local varia- 
tions in stiffness of cartilage and subchondral 
bone. The inability of cartilage to adequately 
distribute the loads evenly may be a factor in the 
onset of cartilage degeneration. 

A recent development reported in the litera- 
ture by Olson et al. [8,34,35] has been the study 
of alterations in contact area and stress distrib- 
ution across cartilage weight-bearing areas in 




Figure 47.12. Pressure areas (located supero-anteriorly) and non-pressure regions (along the periphery) of the femoral head. 
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Load (N) 

Figure 47.13. Contact area as a function of weight-bearing load. Replotted with permission from Miyanaga et al. [30]. 



the hip in acetabular fracture. Under normal 
circumstances, the hip joint demonstrates a 
reasonably uniform load distribution, with the 
weight-bearing area being equally distributed 
among the anterior wall, the superior aspect, 
and posterior wall of the acetabulum. Olson 
et al.’s Fujifilm testing has shown that, upon 
acetabular fracture, this interstitial contact area 
becomes limited to the periphery and is paral- 
lel to the acetabular rim. Transverse pelvic frac- 
tures cause a measurable loss of the peripheral 
weight-bearing area in the hip. These findings, 
however, may not be significant. 

Finally, although the exact sequence of 
deterioration of articular cartilage is not yet 
settled, it is thought that once cartilage begins 
to deteriorate through disease, injury, or age, 
an imbalance between tissue synthesis and 
degeneration ensues [36]. This imbalance 
stimulates the production of enzymes which 
further cleave the cartilage matrix, making it 



more susceptible to subsequent mechanical 
damage. This process leads to osteoarthritis. 
Osteoarthritis or rheumatoid arthritis to the 
point of debilitating pain and significant loss in 
hip function, make an individual a candidate 
for Total Hip Replacement (THR) or other cor- 
rective measures. 

Pelvic Deformation 

There is evidence from both experimental work 
and finite element analysis that the pelvis beyond 
the acetabulum has an important role to play in 
weight bearing. Investigating the compressive 
loading of the hip has commonly involved the 
explantation of the acetabulum from the pelvic 
ring and fixation of the acetabulum in a pot. The 
femur and acetabulum are loaded directly to 
simulate single leg stance. The explanted model, 
however, does not allow the joint reaction force 
to be developed indirectly from the effect of 





Normal and Prosthesic Hip Biomechanics 



539 



muscle action with the hip intact. The hip muscle 
forces cause a degree of pelvic deformation and 
displacement [8]. The explanted model overesti- 
mates the weight-bearing area and underesti- 
mates the corresponding peak contact pressure. 
The difference in peak contact pressure between 
intact and explanted models, most significant in 
the superior region of the acetabulum, can be as 
high as 28%. In addition, finite element model- 
ing of the entire pelvis has demonstrated large 
strains at the sacroiliac joints and the pubic sym- 
physis under an array of compressive forces at 
the acetabulum and tensile forces at muscle 
origins. This underlines the important role of the 
entire pelvic structure in supporting hip joint 
loads [37]. 

Lever Arm Ratio and 
Joint Reaction Force 

In assessing weight bearing at the hip, it is 
important to recognize the additional contribu- 
tion of the abductor muscles to the magnitude 
of joint reaction force. Consider, for example, a 
simple, two-dimensional, free body diagram 
force analysis of the hip joint in the frontal plane 
for single leg stance (Figure 47.14). The external 
forces and moments acting at the hip arise from 
ground reaction forces, the gravitational forces 
from the weight of body segments, and inertial 
force effects due to acceleration of body seg- 
ments. These forces are generated by passive 




Angle 



and active tensile forces arising from muscles 
and ligaments. The resultant of all these forces 
is counteracted by the hip joint reaction force, J, 
acting at the femoro-acetabular interface. 

An important factor that affects the joint 
reaction force magnitude is the lever arm ratio, 
which is the ratio between the gravitational 
force lever arm, b, and the abductor muscle lever 
arm, c (Figure 47.14). Typical levels for single leg 
stance are three times bodyweight, correspond- 
ing to a lever ratio of 2.5 [38]. However, 
increased ratios above this can occur in con- 
genital coxa Volga, in which the short abductor 
lever arm requires the abductor muscles to gen- 
erate a greater force from its fixed position, 
thereby creating an even larger force across 
the hip. Other changes in lever arm ratio can 
arise from weak abductors (which cause a 
reduction in lever arm c and a rise in hip joint 
force J), leaning towards the hip (which reduces 
lever arm b and decreases joint load), and the 
use of a cane in the opposite hand (which can 
reduce the resultant hip force J by approximately 
50%). 

Attempts at surgical correction of abnormal 
load distributions or levels are designed to alter 
the acetabulum position, the relative location of 
the hip joint center, the head-neck angle, neck 
length, anteversion angle, and the muscle lines- 
of-action. All of these influence the lever arm 
ratio and, hence, the resulting load at the hip 
[5,11]. For example, relocating the trochanter to 
a more lateral position changes both the neck- 
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Figure 47.14. Hip joint reaction force as a function of lever arm ratio. Redrawn with permission from Greenwald [5]. 
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shaft and anteversion angles, thereby reducing 
the abductor force angle, the bending moment 
acting around the hip joint, and the stresses on 
the femoro-acetabular interface [39-41]. 

Prosthetic Hip Biomechanics 

Degeneration of articular cartilage, associated 
with osteoarthritis (OA) and rheumatoid arthri- 
tis (RA), leads to excessively high or uneven 
contact stress distribution in the hip joint 
[5,11,38]. The progressive changes that follow 
are loss of joint mobility, instability, deformity, 
and a variable amount of pain. Surgical treat- 
ment has included osteotomy, lateral dis- 
placement of the greater trochanter, tenotomy, 
fusion, and arthroplasty, all of which reduce 
compressive articular forces to an acceptable 
level [39]. The most common of these clinical 
solutions is Total Hip Replacement (THR) or 
Total Hip Arthroplasty (THA). Between 500,000 
and 1 million hip replacements are performed 
worldwide annually, with a success rate of 
93% at 10 years and 85% after 15 years [42]. 
Success has depended not only on the develop- 
ments in orthopedic surgical techniques but 
also on the evolution of design and development 
of the biomechanical and biomaterial aspects of 
THRs. 

Currently Used THRs 

The most common type of THA is total hip 
replacement (THR) which uses a cobalt-chrome 
(CoCr) or ceramic femoral head that is modular 
with a CoCr or titanium alloy (T1-6A1-4V) 
intramedullary stem, as shown in Figure 47.15. 
After the femoral head is excised, the proximal 
femur medullary cavity is reamed, broached, 
and the metal stem is placed into the cavity and 
held there with a grout of bone cement (poly- 
methylmethacrylate, PMMA). It maybe fastened 
by impact and later fixed by the shaft’s textured 
outer surface, which allows bone ingrowth 
[41,43,44]. This “biologic” fixation may be 
enhanced by a coating of hydroxyapatite. The 
femoral head articulates against the surface of 
an acetabular cup, which is made from medical- 
grade, ultra-high-molecular-weight polyethyl- 




ene (UHMWPE), alone or with a shell of CoCr 
alloy. 

Gait Analysis 

The basic premise for gait analysis is that, from 
a knowledge of the ground reaction force acting 
at the foot during some activity and the corre- 
sponding kinematics, i.e., angular positions of 
the limbs being analyzed, the forces and 
moments acting at the ankle, knee, and hip 
joints can be calculated. A two-dimensional, 
rigid-link segmental mathematical model is 
used as in Figure 47.16 [11]. Although several 
methods have been used directly to measure 
dynamic forces during activity, such as instru- 
mented endoprostheses [19-21], telemetrized 
THRs [17,18,45], or instrumented nail plates 
[46-48], the major advantage of gait analysis is 
its non-invasive nature, making it a much more 
elegant and patient-friendly measure. As early 
as the mid 1960s, hip joint load and range of 
motion were a focus for researchers trying to 
understand the biomechanics of the normal 
and diseased hip during dynamic activities 
[26,28,49-53]. Since the introduction of Charn- 
ley-type prostheses in the 1960s as a treatment. 
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Figure 47.16. Two-dimensional rigid link segment model used In gait analysis. The thigh, shank, and foot are modeled as rigid links, each having 
their own mass (m), mass moment of inertia (l),and linear (a) and angular acceleration (a). From these inertial parameters and the ground reac- 
tion force (Fg), knee, ankle, and hip joint forces (F) and moments (M) may be calculated. 



gait analysis has been increasingly used to 
link pre and postoperative THR biomechanical 
assessment of patients with their clinical per- 
formance [29,54]. 

In a recent study Tanaka [29] performed 
force-plate gait analysis on 24 patients with OA 
of the hip, 85 patients with total hip arthro- 
plasty, and 56 normal control subjects. All sub- 
jects were females averaging 60.8 years (41-77 
years), those with THA having an average post- 
operative period of 39.2 months (12-85 
months). Temporal factors such as single-stance 
phase and distance parameters such as step 
length, gait velocity, and ground reaction force 
were measured. In addition, using a two- 
dimensional rigid segment model, Tanaka cal- 
culated hip joint moments. Normal subjects had 
high correlation of age with velocity, load-lifting 
effect, magnitude of the peak in the acceleration 
phase, hip abductor muscle force, flexor muscle 
force, and flexion moment, all of which 
decreased with age. The parameters unaffected 
by age were hip flexion-extension angle, exten- 
sion moment, and abduction moment. Patients 



with OA of the hip demonstrated lower values 
for most of the measured parameters compared 
to the normals tested. Thirty-one of the 85 
arthroplasty patients who had no pain nonethe- 
less had a Duchenne lurch, defined as an incli- 
nation of the shoulder greater than 5 degrees 
toward the affected side when walking during 
stance phase. Although no correlation usually 
exists between abduction moment and abductor 
muscle strength, patients with this lurch did 
show such a correlation. During gait, 13 of the 
unilateral THA patients showed an insufficient 
extension of the hip. Hip flexion moment and 
walking speed were much higher in those 
patients who had hip extension greater than 0 
degrees. 

Measuring the outcome of THA using force- 
plate gait analysis is a more objective measure 
than the subjective and highly variable clinical 
assessments usually employed. Although force- 
plate gait analysis can be used to detect some 
changes between normals, OA patients, and 
THA recipients as discussed above [29], several 
criteria must be clearly met before gait analysis 
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becomes a clinically viable tool [54]. First, it 
must be evident that gait analysis will produce 
data that cannot be observed during routine 
clinical visits. Second, gait parameters must be 
shown strongly to correlate with the patient’s 
observable functional abnormalities. Third, 
data must not only be precise and accurate, but 
sensitive enough to detect small changes in 
patient function. Fourth, it must be clear that 
instrumentation and laboratory environment 
will negligibly affect patient function. 

Contact Stresses and 
Weight-bearing Areas 

Across a total hip replacement during articula- 
tion, the load transferred through the femoral 
head creates contact surface stresses on the 
acetabular polymer component, resulting in the 
creation of a polymeric weight-bearing contact 
area. Both stress and contact area are affected by 
a number of factors including load, geometry, 
polymer thickness, acetabular metal backing, 
radial clearance, component orientation, and 
material properties [42,55-58]. Numerous 
experimental methods have been employed to 
quantify these stresses and their areas, includ- 
ing Fujifilm, resistive ink sensors, micro-inden- 
tation pads, instrumented pipes, electrical 
contact resistors, piezoelectric transducers, 
photoelasticity, and ultrasound [59-61]. How- 
ever, work on total hip arthroplasty has focused 
rather on the development of analytical and 
numerical methods [42,62], perhaps because of 
the relatively simple geometry of the THR in 
comparison, for example, to the TKR. 

Metal-polymer contact at the joint interface 
causes polyethylene to deform, resulting in a 
complex stress distribution pattern across and 
through the polymer component, with compres- 
sive, tensile, and shear components as shown in 
Figure 47.17. Bartel et al. [56] used an elasticity 
solution to predict typical maximum stress 
values for a THR with a 3,000 N compressive 
load, which approximates 4.3 times body weight 
for a 70-kg individual. Maximum contact stresses 
were 13-18 MPa (compressive), shear stresses 
were 5-7 MPa (compressive), and stresses tan- 
gential to the polymer surface ranged from 3 




Figure 47.17. Types of stresses experienced by the acetabular cup of 
aTHA, 



MPa (tensile) to 3 MPa (compressive). All of 
these stresses occurred at the surface of the 
polymer. The only stress magnitude of concern, 
however, is the compressive contact stress, which 
may exceed the 10- 15 MPa plastic yield stress of 
UHMWPE and contribute to stress risers in the 
presence of any surface defects. 

Pedersen et al. [57] used a two-dimensional 
axisymmetric finite element model to show that 
increasing the thickness of the polyethylene 
acetabular component will reduce peak stress 
levels at the polymer-cement and cement-bone 
interfaces, a phenomenon referred to as stress 
shielding. Similarly, using an elasticity model, 
Bartel et al. [55] predicted the stress peaks for a 
highly conforming metal-backed acetabular 
component undergoing a 2,100N compressive 
load. They concluded that, regardless of the 
clearance between the indenting femur and the 
acetabulum or the stiffness of the polymer 
acetabulum, the surface contact stresses 
decreased rapidly with increased polymer 
thickness. Peak stresses can reach almost 
80 MPa, far beyond the UHMWPE plastic yield 
stress of about 10-15 MPa [63] for large femoro- 
acetabular clearances and thin polymer compo- 
nents. The upshot is that a minimum acetabular 
plastic thickness of 6 mm should be used for 
THRs in order to ensure that contact stresses 
remain below 30 MPa. 

Typical radial clearances between the femoral 
head and acetabulum range between 0.05 and 
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Figure 47.18. The effect of femoral head diameter and radial clearance on THA contact stress at a fixed load, a For no radial clearance, greatest 
contact stress occurs for smallest femoral ball, b For a given femoral ball, increasing radial clearance generates a rise in contact stresses. 



0.14 mm and will have an effect on peak contact 
stress levels [41]. Bartel et al. [55] demonstrated 
this for 11, 14, and 16 mm radius femoral balls 
indenting a plastic acetabular cup of fixed outer 
radius. For zero clearance, i.e., complete confor- 
mity, the greatest contact stresses occurred with 
the smallest femoral head because the smallest 
contact area was engaged (Figure 47.18a). 
However, for a given femoral ball, radial clear- 
ance was increased up to 0.4 mm by decreasing 
the inner radius of the acetabular cup, causing 
peak stress to reach 25-29 MPa, moving beyond 
the plastic yield of the material (Figure 47.18b). 
The lesson here is simple; the greater the clear- 
ance, the greater the contact stress. Stresses 
above the material plastic yield could in turn 
initiate a polymer damage sequence leading to 
eventual implant failure. However, it must be 
noted that clearances change with time, given 
the creep of the polyethylene, making it difficult 



to calculate the ideal femoral head size and to 
predict the contact stresses of a THR over time 
[41]. 

In their three-dimensional computer model 
of a THR, Robinson et al. [58] examined the 
relationship between contact area and compo- 
nent position for spherical and truncated 
femoral head designs. Femoral components 
were oriented at 0, 10, and 25 degrees of antev- 
ersion while the acetabular component was 
placed in 0, 10, and 25 degrees of anteversion 
and 30, 40, 45, and 50 degrees of abduction. The 
resulting 48 combinations of implant positions 
were tested with five directions of maximum 
joint motion associated with hip joint disloca- 
tion. For both femoral ball designs, the most 
influential factor on contact area was acetabular 
abduction, with contact area reaching a 
maximum of 9.1 cm^ as acetabular abduction 
became horizontal. In spherical head designs. 
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however, femoral head anteversion does not 
affect contact area at all, being the same for a 
given acetabular orientation. 

THR Polymer Wear 

One of the most important factors in the long- 
range survival of THRs is the wear resistance of 
the polymer acetabular component. Although 
significant strides have been made recently with 
optimally cross-linked UHMWPE that is more 
wear resistant, data need to be forthcoming to 
assess the long-term physiological survival time 
of this improved polymer [64-70]. Current 
THAs last 10 to 20 years before revision surgery 
is required [42]. The extent to which THA wear 
occurs will be affected by numerous variables 
including polymer quality, polymer thickness, 
manufacturing procedure, method of steriliza- 
tion, femoral head diameter and material, 
acetabular metal backing, lubrication, and 
motion pattern, as well as patient age, gender, 
weight, and activity level [71-74]. 

Although UHMWPE wear is a multifactorial 
problem, the mechanism attributed directly to 
polymer surface degradation is high levels of 
femoro-acetabular interfacial friction, the two 
forms of which are abrasion and adhesion 
[72,74,75]. Abrasion may be defined as a rough- 
ening of the polymer component’s surface 
caused by the plowing action of either the asper- 
ities of the harder metal ball or by third-body 
wear, which occurs as extraneous particles of 
bone or bone cement find their way into the 
interstitial joint space. Adhesion, or burnishing, 
results in the micropolishing of the bearing 
surface that exceeds the smoothness of the 
original surface quality, involving the removal of 
fine particulate debris from the weaker acetab- 
ular surface as well as surface heating. This is 
unlike the case for total knee implants, which 
degrade primarily due to a fatigue phenomenon 
characterized by alternating high contact 
stresses, inducing the appearance of surface 
pitting and delamination [72]. 

The surface degradation of polymer compo- 
nents causes the release of wear particles in very 
large numbers, most of which are flake-shaped, 
measuring several micrometers in width and 
length, but are often less than one micrometer 



in size [74]. THA in vivo wear studies have indi- 
cated that a volume of between 15 and 860 mm^ 
of polymer particles per year can be generated 
[76]. These particles in turn induce an inflam- 
matory foreign-body tissue reaction and the 
production of damaging enzymes. Osteolysis 
around the implant components follows due to 
resorption of periprosthetic bone. This is the 
leading cause of implant loosening [77]. 
Although this is the commonly accepted under- 
standing, recent work by Kesteris et al. [78] has 
challenged the notion that polyethylene debris 
causes osteolysis by its direct action. These 
authors hypothesize rather that the particles act 
indirectly by increasing intracapsular pressure. 
In their study of 48 cemented total hips at 10- 
year follow-up, their aim was to discover 
whether a correlation existed between the thick- 
ness of the synovium or synovial contents (i.e., 
capsular distance), radiographic loosening, and 
polyethylene wear. Although they found that 
linear wear, volumetric wear, and capsular dis- 
tance all correlated positively with the width of 
radiolucent lines around acetabular compo- 
nents, such was not the case with radiographic 
signs of femoral loosening. Because a thickened 
capsule has been demonstrated to elevate peak 
intracapsular pressures during hip motion 
[79,80], Kesteris et al. propose that the presence 
of polyethylene particles is secondary to the rise 
in fluid pressure in inducing osteolysis [81]. 

Another important development has been in 
the understanding of the kinematic conditions 
of THR contact, i.e., the motion patterns at the 
femoro-acetabular surfaces, which has helped 
redefine the previous standard in vitro screen 
testing procedures of the American Society for 
Testing and Materials [82]. The accepted prac- 
tice until recently has been a simple linear 
metal-pin-on-flat-polymer-disk reciprocation, 
from which either measurements are taken of 
linear wear (linear penetration of the metal pin 
into the polymer disk), volumetric wear, or 
polymer mass change [74]. Three-dimensional 
THR computer simulations of Ramamurti et al. 
[83] and Pedersen et al. [84], however, have 
shown a series of adjacent elliptical contact 
paths that cross each other, indicating the bi- 
directional shear that a point on the polymer 
surface undergoes. Using a hip simulator. 
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Bragdon et al. [85] have demonstrated that 
during normal gait this cross-over pattern 
creates significantly greater wear (net loss of 
24.8 mg/million cycles) than motion patterns 
with only uni-directional wear (net gain of 
2 mg/million cycles). Similarly, McKellop et al. 
[86] report that in vitro screening tests using 
linear uni-directional motion yield wear rates 10 
to 100 times lower than cross-over motion paths, 
which actually create the type and amount of 
wear more closely resembling that found from in 
vivo studies of THRs [75,83]. To incorporate this 
new understanding of kinematic contact condi- 
tions, pin-on-flat testing machines are being 
developed that reciprocate in a figure-eight 
pattern [87], which could become the standard 
in vitro wear testing configuration since, at this 
time, no such standard exists. 

The Implant-Cement-Bone Interface 

By far the regions most susceptible to failure 
in THAs are those where two surfaces having 
dissimilar mechanical properties are in direct 
contact, namely implant-cement, bone-cement, 
and implant-bone interfaces [41]. The failure of 
the interface involving PMMA cement (poly- 
methylmethacrylate) is most likely because this 
requires not only the proper preparation of the 
cement but also adequate removal of fat and 
blood from the surface of interest. Back-flow of 
blood from the bone, for example, has been 
shown in bench tests to push low-viscosity 
cement out of a 1mm diameter hole it had 
penetrated [88,89]. This situation may conse- 
quently cause poor cement penetration, cement 



cracks, or debonding, leading to an overload of 
the hip implant and, hence, fracture. Pulsating 
water lavage and brushing, pressure cementing, 
precoating with cement, or using an implant 
with a textured surface, have been shown to 
minimize these effects and increase bone 
adhesion and penetration [41,89]. Even so, as 
Charnley [90] pointed out in his 12-15 year 
review of his hip operations, although 25% 
of the cemented sockets demonstrated signifi- 
cant demarcation of the bone-cement interface 
and even implant migration, the results can be 
clinically successful. 

Static strength bench tests done on 
bone-cement and implant-cement interfaces 
have shown a wide range of values (Table 47.2), 
as they are dependent on differences in test 
methods, cement curing time, temperature and 
pressure during joining, surface preparation, 
mixing techniques of the cement, specimen 
storage, cement type, implant surface texturing, 
etc. [41]. It must be remembered, however, that 
it is the fatigue or cyclic loading that is the real 
culprit in causing interfacial failure and, thus, 
reliance on static strength reports should be 
done cautiously in predicting failure. 

Recent Advances and 
Future Trends in THRs 

Although it appears that the shape of THRs has 
reached a plateau, recent advances and investi- 
gations especially in material selection promise 
to take hip arthroplasty to the next level of 
development. For example, hip simulator tests 



Table 47.2. Interface strength values (selected data from Williams [41]) 



Interface or Material 


Tensile Strength (MPa) 


Shear Strength (MPa) 


Compressive Strength (MPa) 


PMMA 


20-26 


40-S0 (0.001s-') 


95 


Cancellous bone 


0.7-5.0 


7-14 (s-*) 


0.15-16 






1-2 (0.01 si 




Old PMMA/NewPMMA 




23 




PMMA/Stainless steel 


6-11 


6.2-11.2 




PMMA/Co-Cr-Mo 


6.7-9.1 


S.3-6.9 




PMMA/Ti-6AI-4V 


3.9-S.3 


6.3-12.5 




PMMA/UHMWPE 




0.2-2.3 




PMMA/Cancellous bone 


2-5 (LP) 


12-30 (LP) 






6-9 (HP) 


35-4B(HP) 




LP; Cement under low pressure. 


HP; Cement under high pressure. 
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on new, optimally cross-linked UHMWPE, com- 
mercially available as Crossfire™ (Howmedica- 
Osteonics), Durasul™ (Sulzer Medica), 
Longevity™ (Zimmer), and Marathon™ 
(DePuy), have demonstrated 90-95% wear 
reduction in comparison to standard polyethyl- 
ene [64-66,69,91-93]. Although this new mater- 
ial has shown some promise in clinical studies 
[68,70], it is questionable whether similar 
results can be obtained for TKRs due to their 
more complex geometry and, hence, higher 
contact stress levels [69]. 

Increased use of modular ceramic femoral 
heads and sockets that are modular with metal 
stems and shells is already occurring and may 
become more common, primarily because of 
the lower linear wear rates of ceramic-on- 
UHMWPE, being 0.05 mm per year in vitro, 
compared with metal-on-UHMWPE, which is 
0.1 -0.2 mm per year [94]. Ceramic-on-ceramic, 
also called alumina-on-alumina, articulation 
seems even more promising from a tribological 
perspective, with linear wear rates of 0.005 mm 
per year [95]. Some researchers are rethinking 
the use of metal-on-metal articulation due to 
the wear rate being 100 times less than metal- 
on-polymer if sufficient tolerance can be main- 
tained [94,96-98]. There is also evidence of 
polyethylene wear reduction by texturing the 
femoral ball with concave dimples as in a golf 
ball [99] . Using a hip simulator, it was found that 
wear debris was reduced from 23.1 to 7.2 mg 
when surface dimpling was introduced, the 
dimples acting as storage crypts for both wear 
particles and lubricant. These developments are 
possible because of more sophisticated implant 
manufacturing technology, which is able to give 
greater control over surface texture and shape 
and, hence, the tribological characteristics of 
implants. Very precise preparation can greatly 
improve sphericity of the contact surfaces and 
minimal asperities. The clearance between 
socket and ball is 10//m, which may encourage 
a thin film of tissue joint fluid for hydrodynamic 
lubrication. 

Carbon-carbon composite stems, rather than 
metal, also seem promising since the material 
modulus more closely resembles that of bone, 
thereby reducing stress gradients at the 
bone-stem interface [43,94,100]. The major 



advantage of such an “isoelastic” design is that 
the components are anisotropic, meaning that 
the material properties will vary depending on 
the orientation of the stem. 

Other advances may provide increased THA 
longevity, greater patient satisfaction, and 
provide surgeons with more tools and 
approaches at their disposal to treat arthritis 
patients successfully. These include the use of 
hydroxyapatite (HA) coatings on porous and 
textured surfaces to increase bony ingrowth, the 
use of surgical robots, and custom-designed 
implants [43,94]. 
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48 The Biomechanics of Ligaments 

A. A. Amis 



Introduction 

Ligaments are passive collagenous structures 
that act primarily as tensile restraints to control 
the distance between their attachment points. 
Ligaments normally traverse joints, and so they 
act to control the relative separation of the 
bones that they are attached to. Hence, the liga- 
ments control the patterns of movement, or 
kinematics, of joints, as well as ensuring the 
stability of joints. In addition to this simple 
mechanical description of the role of ligaments, 
they provide more subtle control of joint motion 
and stability via proprioceptive feedback to the 
muscles, but this will not be addressed here. 
This chapter will review the mechanical proper- 
ties of the ligaments themselves, and then look 
at how the ligaments act to stabilize joints. 

Tensile Properties 

Ligament Structure 

The structure of ligamentous tissue is well 
known, with a clearly discernible hierarchical 
organization. The smallest units are the micro- 
scopic collagen protofibrils, themselves consist- 
ing of helically arranged long-chain amino acid 
molecules that group together into fibrils. The 
fibrils are grouped together into collagen fasci- 
cles, and a ligament consists mostly of an array 
of these fascicles [1]. Different texts describe 
the microstructure slightly differently, but the 
overall structure is one where all of the load- 
bearing collagenous constituents, from the mol- 
ecular to the macro scale, are aligned closely to 
the long axis of the structure. The result of this 



is that ligaments are well adapted to transmit 
tensile forces. If the structures of individual 
ligaments are studied in detail, it can be seen 
that the fascicles may take a helical path, or 
perhaps fan out to bone attachment areas that 
are greater than the cross-sectional area of the 
ligament at its mid part. This has been docu- 
mented for the cruciate ligaments, for example 
[2]. As a result of this, there are spaces for 
ground substance between the fascicles, a 
mucoid substance with a relatively small contri- 
bution to the failure strength. A further conse- 
quence of the relatively loose collagen fascicle 
packing is that ligaments are not as strong as 
tendons for a given cross-sectional area (i.e., lig- 
aments reach a lower tensile stress before 
failure), tendons having a denser and more 
orderly microstructure. Typically, ligaments 
have an ultimate tensile strength of 36 MPa [3], 
while tendons may reach 70 MPa [4] . 

Tensile Test Methods 

Since the transmission of tensile load is the 
main duty of ligaments, it is worth studying 
their tensile behavior in detail. In order to 
perform a tensile test on a ligament, it must be 
prepared for mounting in a tensile test machine. 
In normal mechanical engineering practice, 
tensile test specimens are made with a “dog 
bone” shape that has wide ends for gripping in 
the vice attachments of the test machine, and a 
relatively long and narrow central section that is 
analyzed during the test. This avoids stress con- 
centrations, or the localized effects of the 
distortions caused by the grips, from affecting 
the gauge length under study. This approach is 
not available for ligaments since they do not 
have sufficient length, and the inter-fibril shear 
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strength is not great. Experience has shown, 
then, that it is best to test a ligament as a part of 
a complete bone-ligament-bone complex. This 
allows either the whole bone to be clamped into 
the test machine, or for the bone attachments 
to be isolated and embedded in bone cement or 
similar potting compound, into holders such as 
metal tubes that can then be mounted. When 
this method was used to test the strength of the 
anterior cruciate ligament [5,6], a greater 
strength was found than when the ligament 
fibers were gripped directly [7]. 

Once mounted in the test machine, the liga- 
ment is elongated at a chosen speed (the effects 
of speed of loading are discussed below), either 
to a sub-failure load that can be repeated to 
study cyclic effects, or else until the construct 
fails. This normally results in a graph of force 
versus elongation (Figure 48.1a). The measure- 
ment of elongation is difficult to do meaning- 
fully on such an irregular specimen geometry as 
a ligament, and the most common approach is 
to simply record the movement of the test 
machine actuator. This, however, assumes that 
the ligament strength and stiffness are low in 
comparison to the stiffness of the test machine 
and the bones in their mountings. It is closer to 
the truth to monitor the bone-bone separation 
by means of an extensometer instrument, or else 
to do a separate stiffness test on the experimen- 
tal set-up that can correct the tensile test curves. 




Figure 48.1. a Typical load-extension graph for a bone- 
ligament-bone preparation that gives structural properties such as 
failure strength (1) and elongation to failure (2). The interrupted line 
indicates a premature failure, with sequential fiber ruptures at sub- 
maximal load The stiffness is found by dividing the change in load by 
the change in elongation, so k = dL / dE. 



Structural Properties 

It is important to note that the force-elongation 
graph gives details of the structural properties of 
the bone-ligament-bone complex being tested. 
This means that the properties measured are 
relevant to that structure, and are not the mate- 
rial properties of the ligament itself. If the 
ligament had twice the cross-sectional area, and 
were made of the same material, then the struc- 
tural property of failure load would be expected 
to double, yet the material of the ligament 
remains the same. The structural properties that 
we can find from the force-elongation graph 
include the elongation to failure (measured in 
millimeters, mm), the ultimate strength, or 
failure load (measured in Newtons, N), and 
the stiffness of the structure, expressed as the 
amount of force required to cause a given elon- 
gation, so the units are Nmm~^ (Figure 48.1a). 

Material Properties 

If we need to know about the properties of the 
ligament material itself, then the structural 
properties graph must be further processed to 
yield the material properties. Instead of the 
failure load, we now divide the load by the cross- 
sectional area of the ligament to give the stress. 
The units of stress are derived from force (N) 
per unit of cross-sectional area (mm^), or N 
mm"^ In the S.I. system, the unit of stress (or 
pressure) is the Pascal (Pa), and 1 Pa is IN m~^. 
This is a tiny pressure (atmospheric pressure 
being approximately 100,000 Pa), so engineers 
usually express stress in MegaPascals (MPa), 
which is the same as Nmm"^. Similarly, if the 
elongation is expressed as a percentage of the 
original length, then we get the tensile strain as 
a percentage. Strain is just a ratio, and so it has 
no units. If we wish to derive a value for the 
tensile stiffness of the ligament material, the 
tensile modulus, then we divide a change in 
stress by the corresponding change in strain 
(Figure 48.1b). Since stress has units of MPa and 
strain has no units, it follows that the modulus 
has the same units as stress, MPa. Thus, the 
material properties that we obtain include the 
failure stress, the failure strain, and the tensile 
modulus (stiffness). 
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Figure 48.1. b Typical stress-strain graph, derived from the load- 
extension graph by dividing the load by the cross-sectional area to give 
stress, and elongation by the original length to give strain. These are 
material properties: failure stress (3) and failure strain (4). The tensile 
modulus Is represented by the steepness of the curve, i.e. change in 
stress dcT divided by change in strain d£. Strain is often reported as a 
percentage length change, so 0.04 strain is 4% elongation. 



The calculation of tensile stresses requires 
measurement of the cross-sectional area of the 
ligament being tested. This cannot be done 
easily, since the cross-section is always irregular, 
and the material is very soft, which precludes 
any means that contacts the ligament. Some 
papers have used an instrument called an area 
micrometer [8]. This squeezes the ligament into 
a regular rectangular recess at a known pres- 
sure, but work has shown that this causes fluid 
to be expelled from the tissue, so that the appar- 
ent area diminishes with both time and pres- 
sure, causing an underestimation of the area 
[9]. Another method is the laser micrometer, 
which illuminates the ligament and estimates 
the cross-sectional area from an integration 
of the width of the shadow of the ligament when 
the specimen is rotated in the laser beam [10]. 
This also has errors due to the shadow failing to 
measure any hollows in the shape of the cross- 
section. A more practical method has been to 
use silicone rubber to produce a mold of the 
ligament in situ, and then to measure the area 
of the cavity in the mold after removing it from 
the specimen [9]. 

Fiber Crimp and Recruitment 

In contrast to many relatively simple engineer- 
ing materials that exhibit linear elastic behavior. 



ligaments and other collagenous tissues show 
non-linear tensile behavior. The graphs in 
Figure 48.1 show an initial region of low stiff- 
ness (i.e., the graph has a low slope that indi- 
cates that elongation requires a small force), 
followed by a region of strain stiffening (i.e., the 
slope of the graph gets steeper), before it settles 
into approximately linear behavior. The initial 
“toe region” typically occurs over 4% strain and 
is caused by two factors: progressive tightening 
of ligament fibers (recruitment), and also the 
straightening out of fiber crimp. If an unloaded 
specimen of ligament tissue is viewed under a 
microscope with polarized light, a clear pattern 
of alternating color bands is seen, and these 
show up as a zigzag fiber configuration. The 
crimp pattern is gradually extinguished as the 
ligament is extended [11]. It is relatively easy to 
straighten out the crimp pattern, but after that 
the fibers must be stretched directly in tension. 
Hence, strain stiffening occurs. If all the fibers 
are loaded together, and this is difficult for a 
non-uniform structure such as a ligament, 
the point at which the collagen crimp is extin- 
guished corresponds to the transition from the 
curved “toe” region to linear load-extension 
behavior [11]. 

The main factor causing progressive stiffen- 
ing during ligament extension is fiber recruit- 
ment. Since ligaments attach to the bones over 
areas, and only one point can be at the axis 
of rotation, it follows that joint motion will 
cause some fibers to tighten or to slacken. Thus, 
fibers may need to be tightened to the point of 
the slack-taut transition before they start to 
resist tensile loads. This can mean that a 
uniform extension of a ligament leads to pro- 
gressive recruitment of fibers across the cross- 
section, and Figure 48.2 shows how this leads to 
increasing stiffness. This mechanism is clear 
during an anterior drawer of the tibia when the 
knee is flexed. In this posture, the posterior 
fibers of the anterior cruciate ligament are ini- 
tially slack, and so the anterior tibial translation 
is resisted initially by only the anterior fibers of 
the anterior cruciate ligament. As the tibial 
displacement increases, so a greater part of the 
ligament is recruited to oppose the subluxing 
force. 
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Figure 48.2. Non-uniform initial tightness across the width of a 
ligament leads to fiber recruitment when it is elongated. This in turn 
leads to increasing stiffness. 



Ligament Failure 

After the increasing tensile extension of the lig- 
ament reaches a certain limit, failure occurs, and 
the load recorded by the test machine falls. 
Some studies have shown a region of “yielding” 
prior to complete failure [7,12], and the point at 
which this starts has been called the “linear 
load” [6,13], as this is also the end of the linear 
behavior region (Figure 48.1). However, this 
probably represents sequential fiber failures 
caused by non-uniform application of strain 
across the width of the ligament. This has been 
shown clearly for the posterior cruciate liga- 
ment, which has fibers that spread out in widely 
divergent directions as they pass from the tibia 
to the femur. If these fibers are separated into 
two bundles that have approximately parallel 
fibers, then tensile tests take them up to a 
sudden complete rupture, and the load drops 
almost to zero immediately [3]. It is probable 
that the avoidance of a progressive tearing 
failure mode allows all of the fibers to bear their 
failure strength simultaneously, and thus for the 
ligament to reach a higher force. 

The literature includes reports of a wide 
range of failure strains for the cruciate liga- 
ments, from 18% [3] to 29% [14]. The average 
lengths of the anterior and posterior cruciate 
ligaments are reported in the range 30-35 mm 
[3,15], and so the strains represent elongations 
of approximately 5- 10 mm. However, since a 
tibial displacement will not usually be in the 
direction that elongates these ligaments directly, 
the subluxation to cause a ligament rupture is 
normally much greater. Thus, Amis and 



Scammell [16] found that anterior cruciate 
ligament rupture occurred at a mean of 15 ± 
7 mm anterior tibial displacement with the 
knee at 90° flexion (range 10-28 mm). Similarly, 
Race and Amis [17] found posterior cruciate 
ligament rupture at a mean posterior displace- 
ment of 15 ± 3 mm, range 12-20 mm, also at 90° 
knee flexion. 

After tensile failure has occurred, further 
elongation of the bone-ligament-bone con- 
struct still requires a small force (Figure 48.1a). 
This represents the force needed to slide the 
ligament fibers past each other, presumably 
causing viscous shearing effects in the inter- 
fibrillar ground substance. Although the liga- 
ment has failed totally in tension, it may still 
appear to be intact during this phase of the elon- 
gation, until the fibers have slid past each other 
to the full length of the ligament. This is nor- 
mally the situation when a slack anterior cruci- 
ate ligament is examined arthroscopically. 

Effects of Specimen Orientation 

The orientation of the specimen at the time of 
testing can affect the apparent strength and 
stiffness. Ligaments have distinct patterns of 
fiber tightening and slackening as the joints 
move, causing variation of slackness across the 
cross-section. Similarly, they are adapted to 
resisting loads in particular physiological con- 
figurations. Thus, the bones must be mounted in 
the test machine in a way that optimizes the lig- 
ament strength. The anterior cruciate ligament, 
for example, has fibers which are approximately 
parallel and of equal degree of tightness when 
the knee is extended, and so it is appropriate to 
test it in this posture, with the fibers of the 
ligament aligned with the axis of the test 
machine [18]. If tension is applied with the knee 
flexed, the tension will fall initially onto the 
anterior fibers which remain tightest, and they 
will rupture before the initially slack posterior 
fibers reach their failure strain. Thus, a sequen- 
tial failure mode can be anticipated, with the 
fibers tearing off the attachment at a lower force 
than with the knee extended. This tendency has 
been shown by Figgie et al. [19]. Work on animal 
joints has shown that, even if the knee remains 
at the same angle of flexion, but the specimen 
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has different orientation to the direction of 
loading, so different strength and failure mode 
occur. With the knee at 90° flexion, and the load 
axis along the tibia, the failure mode was most 
commonly by bone avulsion: the tibial plateau 
was lifted. This failure reflects the non- 
physiological direction of the loading, since 
injuries will not normally act to distract the 
tibia axially. If the joint was kept at 90° flexion, 
but the specimen was loaded so that the load 
axis was 45° to both the femur and tibia (which 
meant that the anterior cruciate ligament was 
close to the load axis), then the specimen 
reached a significantly higher load before 
failure, and the failure was then by ligament 
fiber rupture [20]. 

Effects of Age 

There are progressive changes in the morphol- 
ogy of ligament tissue with maturation and 
advancing age. The collagen fibers enlarge dia- 
metrically and the water content diminishes 
[21]. These changes combine to cause increased 
stiffness and reduced elongation to failure. The 
mechanical effect of age on ligaments has been 
documented for the anterior cruciate ligament 
[5] (Figure 48.3). It can be seen that there was a 
drop of approximately two-thirds reduction in 
failure strength between specimens aged 20-30 
and 70-80 years. Similarly, Noyes and Grood [6] 
found a significant loss of strength with age: 
specimens aged 16-26 were an average of 2.4 
times stronger than those aged 48-83 years. Not 
all of this strength loss was attributed to 




Figure 48.3. Variation of failure strength of bone-anterior cruciate 
ligament-bone preparations with age. From Woo et al. [5] with 
permission. 



changes in the ligament itself, since the failure 
mode changed to include many more bone avul- 
sions in the older age group. This is not sur- 
prising when the dramatic loss of cancellous 
bone strength with age is noted. It is accepted 
that cancellous bone is an order of magnitude 
weaker in elderly specimens [22]. It is not 
known if this trend is the same in other liga- 
ments, since they have different surrounding 
tissues and are subjected to different loads in 
use. 

Time-dependent Effects 

Ligament tissue exhibits viscoelastic behavior. 
This means that the tensile behavior is affected 
by the speed, or strain rate, with which the liga- 
ment is stretched. This is also true for other 
tissues, such as bone and articular cartilage. If a 
load is hung on a ligament preparation there 
will be an immediate elastic elongation. If the 
load is maintained at a sufficient level then the 
ligament will continue to get slowly longer 
(Figure 48.4a). This phenomenon is known as 
creep. If a load that does not cause immediate 
failure is maintained for long enough then there 
can be a delayed creep rupture of the ligament 
[23]. It has also been shown that ligament grafts 
and healing ligament scars are more likely to 
creep than the ligament which they have 
replaced [24], and this may be the explanation 
for stretch-out of ligament grafts that results in 
slightly slack ligament reconstructions after 
rehabilitation. 

Another way to look at this phenomenon is to 
load a ligament as before, but now to hold the 
preparation at the fixed length to which it has 
been stretched. This, of course, prevents creep. 
As time passes, so the stress in the ligament 
relaxes (Figure 48.4b), and this phenomenon is 
known as stress relaxation. Static stress relax- 
ation was measured by Viidik [25], who loaded 
the rabbit anterior cruciate ligament to lOON 
and then maintained that extension. The load 
fell to 84 N after two minutes. A similar effect 
occurs under cyclic elongations: after ten cycles 
between 1.6 and 2.4% extension over 160 sec, the 
peak tensile stress in the canine medial collat- 
eral ligament relaxed from 7.8 to 6.5 MPa [26]. 
Many engineering materials have a direct rela- 




The Biomechanics of Ligaments 



555 







a 






Constant load 




Constant length 






c 






Load 




O 

o> 










Lb 

0 

UJ 














^ 


Time 




Time 





Figure 48.4. a When a load is applied to a ligament, there is an immediate elongation. If the load is kept constant the length of the ligament can 
Increase with time due to creep. When the load is released there is an immediate elastic recoil, but this leaves a residual deformation that can recover 
with time, b If the ligament Is elongated, and the bones then fixed to keep the ligament at a constant length, the load increases Immediately as the 
load Is applied, but then the load relaxes. 



tion between stress relaxation behavior and the 
likelihood of creep. 

When the load on a ligament preparation is 
released, the load drops to zero immediately, but 
the ligament does not necessarily return imme- 
diately to its original length (Figure 48.4a). The 
amount of residual deformation depends on 
both the stress that had been imposed and also 
the time that it had been imposed. With further 
time after load release, the ligament will gradu- 
ally recover its initial length. This probably 
reflects a rearrangement of the collagen fibrils 
in the viscous ground substance. If the stress 
had been high enough to cause an irreversible 
deformation, then clearly the length would not 
recover its initial value. This probably relates to 
slippage or ruptures of the collagen fibers as the 
stress rises closer to ligament failure. 

Creep and stress relaxation are usually asso- 
ciated with low-speed, long-time tests. At the 



other extreme, viscoelastic effects also cause 
changes in ligament behavior at high strain 
rates. At a basic level, it is easy to envisage that 
moving through a viscous medium quickly 
will require more force than moving slowly. 
This carries over into tensile test behavior of lig- 
aments, which entails the collagen fibers moving 
and rearranging themselves amongst the 
viscous ground substance as the ligament is 
extended. This means that they exhibit strain- 
rate sensitivity, and show increasing stiffness at 
higher speeds of elongation. This is apparent 
even at relatively low test speeds: a 2.5% exten- 
sion of the canine medial collateral ligament 
at O.Smmmin"^ required 56 N, while the same 
extension at 50mmmin~^ required 67 N, so the 
stiffness increased approximately 20% for a 
hundred times increase of test speed [26]. This 
effect continues into higher testing speeds that 
are representative of impacts in trauma. Pioletti 
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et al. [27] found that more than a half of the 
stress in human anterior cruciate ligament 
preparations could be attributed to the strain 
rate effects when comparing results between 
0.1% sec"^ with those at 40% sec~^ at strains less 
than 5%, but found little effect on the linear 
stiffness beyond the toe region. 

As the speed of ligament extension increases, 
the failure mode changes. It has been observed 
in laboratory tests in vitro that slow-speed 
tensile tests of bone-ligament-bone prepara- 
tions often lead to failure by bone avulsion. This, 
of course, does not mirror clinical experience, 
where trauma usually leads to interstitial liga- 
ment ruptures. Experiments on the anterior 
cruciate ligament of primates at two test speeds 
showed a significant change in failure mode. At 
5mmmin“\ there were 29% ligament ruptures 
and 57% bone avulsions. In contrast, at 500 mm 
min"^ (approximately 40% sec~^ strain rate) 
there were 66% ruptures and 28% avulsions 
[13]. A further increase in strain rate, to 100% 
sec"^ led to 97% of failures being by interstitial 
ligament rupture in tests of the rat anterior cru- 
ciate ligament [28]. This change in failure mode 
can be explained by reference to the changing 
behavior of the tissues with speed of loading. 
Although this text has described the strain rate 
sensitivity of ligaments, it should be noted that 
bone also exhibits this behavior. The ultimate 
tensile strength of bovine cortical bone was 
found to increase by 100% for a hundred times 
increase in strain rate [29]. The change from 
bone avulsions seen at low loading rates to lig- 
ament failures at high speeds suggests that the 
strengthening of bone with increasing speed 
allows the attachment to become stronger in 
relation to the ligament. 

Cyclic Loads and Creep Effects 

Cyclic loading can cause an accumulation of 
the loading/unloading effects described above. 
If the peak stress of repetitive loading is high 
enough, and the time for recovery between 
loading is insufficient, then the deformation 
induced by each load cycle will not have suffi- 
cient time to relax completely. The consequence 
is that the first load cycle will have left a resid- 
ual deformation, and so the next load cycle will 



start from an elongated ligament length. These 
increments of length can accumulate to give a 
slack ligament. This has been shown in vitro 
(Figure 48.5), but the length change shown is 
exaggerated for the number of load cycles 
imposed because the peak stress was high, at 
two thirds of failure stress, and the load cycles 
were slow, allowing creep to progress [30] . These 
effects have also been demonstrated in vivo [31] 
when the ankle was displaced laterally by a force 
of 32 N and maintained for 150 sec. There was 
an immediate displacement of 11mm, then a 
further 5 mm due to creep. A residual displace- 
ment of 4 mm remained after 10 min relaxation, 
giving behavior similar to that shown in Figure 
48.4a. It can be speculated that the process of 
“warming up” before an athletic event causes 
these changes in the ligaments, so that the 
athlete will then be controlling joint stability 
primarily by muscular actions. 

If the peak load is below the level at which 
irreversible length changes will occur, and the 
frequency too high to allow significant creep 
between load cycles, then the ligament length 
will increase with each load cycle initially. After 
approximately eight or ten load cycles, the 
change in length with each load cycle becomes 
negligible and the behavior settles down with 
the ligament longer than at the start of the first 
load cycle (Figure 48.6). This phenomenon is 
usually known as “conditioning”, and most 
work in vitro imposes a set of conditioning 
load cycles to a specimen before recording the 
behavior in a steady state [32]. Figure 48.6 shows 
that, after the conditioning load cycles are 




Figure 48.5. Cyclic creep leads to increasing residual deformation, or 
ligament slackness, If there is insufficient time between the load cycles 
for the residual deformation to recover completely. 
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Figure 48.6. Cyclic loading of a bone-ligament-bone preparation 
causes ligament "conditioning" and the tenth load-unload cycle is 
seen to exhibit less hysteresis, greater stiffness, and to have residual 
elongation when compared to the first load cycle. 

imposed, there is some slackness before the lig- 
ament starts to resist load, the ligament is stiffer, 
and the loading-unloading curve encloses a 
smaller area. It has been suggested that these 
changes result at least partly from loss of water 
content from the ligament [33]. This load- 
unload pattern, when the curves enclose an area 
in an elongated loop, is known as hysteresis. The 
area enclosed by the loop represents the work, 
or energy, dissipated in the ligament during the 
load-unload cycle. This can be understood by 
noting that work can be expressed as the 
product of force times distance moved, and each 
segment of the ligament test graph shows 
changes in force and length. Clearly, then, more 
work is done by extending the ligament along 
the higher curve than is released by relaxing 
along the lower curve. 

Since hysteresis is reduced after imposing a 
set of conditioning load cycles, the internal 
rearrangement of the ligament structure during 
the conditioning load cycles leads it to work 
more efficiently: it is closer to an elastic spring, 
with less viscous losses. 

Effects of Exercise or Immobilization 

Because ligaments are relatively avascular they 
are slow to respond to alterations in their envi- 



ronment when compared to other tissues. Thus, 
in general, exercise or immobilization affect the 
other tissues first, and the ligaments have 
delayed responses. This is seen most clearly with 
ligaments that attach to the bone tangentially 
such as the distal end of the medial collateral 
ligament. Here, the ligament attaches into the 
periosteum. A period of immobilization has 
little immediate effect on the medial collateral 
ligament itself, but the vascular periosteum 
responds rapidly, and it soon weakens signifi- 
cantly. This causes a reduction in the failure 
load, as expected, but also to a change of the 
failure mechanism: normally, there might be a 
rupture of the ligament fibers in mid substance; 
after immobilization, the distal attachment fails 
by a shear, or sliding, mechanism. This is in con- 
trast to the ligaments that attach at a steep angle, 
with collagen fibers continuing directly from the 
ligament into the bone as Sharpey’s fibers, such 
as the anterior cruciate ligament. Here, immo- 
bilization affects the bone and leads to bone 
avulsion failure at reduced force. 

Experiments in animals have shown that 
immobilization does cause a loss of strength of 
the ligament substance, and that even a long 
period of remobilization can leave a ligament 
significantly weaker than normal. Care must be 
taken when interpreting work on caged animals, 
however, since they may be suffering from 
disuse effects prior to any experimental work. 
This is shown by the frequency of bone avul- 
sions reported in experimental work, which is 
greater than that seen clinically, where intra 
substance failure predominates. Laros et al. [34] 
found that the canine medial collateral ligament 
had a strength of 3.3 body weight in active 
animals. This reduced 15% after 9 weeks caged, 
and 39% after 9 weeks in plaster cast. Although 
the muscle weight had returned to normal by 
12-18 weeks after remobilization, the ligaments 
were still significantly weaker than normal at 30 
weeks. The same trends were shown for the cru- 
ciate ligaments by Noyes et al. [35], who immo- 
bilized monkeys knees for 8 weeks: the strength 
fell 39%, and was still 21% below normal after 
20 weeks of reconditioning activity. (Figure 
48.7). These findings have clear implications for 
postoperative care and rehabilitation for sports 
activities. 
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Figure 48.7. Immobilization for eight weeks caused the strength of 
the anterior cruciate ligament to fall 39%.Twenty weeks reconditioning 
activity still left a strength deficit of 21%. From Noyes et al. [35], with 
curves arbitrarily ended at 5 mm elongation. 



Joint Stability 

Primary and Secondary Restraints 

The main function of ligaments is to control the 
motion of one bone relative to another, thus 
controlling joint laxity and stability. In this def- 
inition, stability refers to the functional symp- 
toms exhibited by patients, when their joints 
tend to collapse or “give way” during activities 
such as sports. If the relative movement is exces- 
sive, then this can be measured, and this is 
known as excessive laxity. A common situation 
is the measurement of excessive tibial anterior 
translation laxity after damage to the anterior 
cruciate ligament [36,37]. 

Most joints are stabilized by several liga- 
ments, and so it can sometimes be difficult to 
decide which of several possible structures have 
been injured when examining the joint. The 
concept of primary and secondary restraints 
helps to understand both the functions and 
interactions of ligaments, and hence their rela- 
tive importance [38]. A primary restraint is the 
ligament that resists the majority of the force 
that is tending to displace one bone relative to 
the other, usually to sublux the joint. Normally, 
this ligament is oriented approximately in line 
with the displacement, and so it is stretched 
directly as one bone attachment moves away 
from the other. Since ligaments are passive. 




Figure 48.8. Anterior displacement of the tibia has stretched the 
anterior cruciate ligament more (40%) than the medial collateral 
ligament (10%) because it is oriented closer to the direction of dis- 
placement. Thus, tension rises faster in the anterior cruciate ligament 
so it is the primary restraint to the subluxation [39]. From Amis [40] 
with permission. 



tensile restraints, their tension depends entirely 
on how much they are stretched. In contrast, a 
secondary restraint is usually oriented approxi- 
mately perpendicular to the bone displacement 
being induced. This means that it is swung side- 
ways as the bone moves, and so it is not elon- 
gated as much as the primary restraint (Figure 
48.8). The terminology is probably best known 
for anterior drawer testing of the knee, when 
the anterior cruciate ligament is the primary 
restraint to anterior tibial translation, with 
the collateral ligaments acting as secondary 
restraints [39]. 

A further factor that means that secondary 
restraints are not efficient at resisting bone dis- 
placements is that their tension tends to act in 
an inefficient direction. The consequence of this 
is that a secondary restraint must work at a 
much greater tension than the primary restraint 
if it is to have the same restraining action on 
the bone (Figure 48.9). This factor probably 
explains why secondary restraints tend to 
stretch if the primary restraint is not repaired 
or reconstructed after an injury [40]. 
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Figure 48,9. The force vectors in the anterior cruciate ligament and 
the medial collateral ligament that are needed to produce a posteriorly 
directed component equal and opposite to the anterior drawer force 
applied to the tibia. 



Since certain bone-bone displacements 
stretch the primary restraints significantly more 
than the secondary restraints, it follows that it 
is the primary restraint that is ruptured by 
the injury mechanism that causes bone-bone 
motion akin to that used to define the primary 
restraints. Thus, for example, it is possible for 
the anterior cruciate ligament to be ruptured by 
an anterior tibial translation with the knee at 
90° flexion, while the secondary restraints, such 
as the collateral ligaments, are not damaged 
[16]. 

As Figure 48.8 shows, it is usually possible to 
decide which are likely to be the primary 
restraints simply by looking at their orientation 
in relation to the bone-bone displacement 
being induced. For a relative translation (linear) 
motion, the primary restraint is likely to be that 
which is closest to being parallel to the direction 
of motion, as it is stretched directly. For a rota- 
tional displacement, however, the axis of rota- 
tion between the bones must be found first. 
Then, the primary restraint will probably be the 




Figure 48.10. During a valgus rotation of the tibia relative to the 
femur, the axis of rotation is centered in the lateral femoral condyle.Thls 
means that the medial collateral ligament is elongated more than the 
cruciate ligaments and so it is the primary restraint. From Amis [40] with 
permission. 



one with the greatest moment arm about the 
axis of rotation. Noting this simple mechanical 
fact, it is clear why joints are often widened by 
tuberosities for attachment of the collateral 
ligaments and have bicondylar articulations. 
Consideration of varus-valgus rotation of the 
tibia relative to the femur shows that the axis 
of rotation is centered within one femoral 
condyle, while the opposite collateral ligament 
is stretched. The cruciate ligaments are close to 
the axis of rotation in this situation, and so they 
are stretched only a small amount when com- 
pared to the elongation imposed onto the col- 
lateral ligaments (Figure 48.10). Furthermore, 
consideration of the orientation of the cruciates 
in the sagittal plane shows that only a partial 
component of the tibio-femoral distraction is 
elongating them directly, since they also are 
swung sideways as the bones move apart. In 
contrast, the collaterals are aligned closely to the 
bone motion, and so they are stretched directly. 
Thus, although they are weaker, the collateral 
ligaments are the primary restraints and the 
cruciates are only secondary restraints [40,41]. 

If the same argument is used to study tibial 
internal-external rotation, when the rotation 
axis is close to the center of the tibial plateau, it 
is clear that the cruciate ligaments are again too 
close to the axis of rotation to be the primary 
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restraints - it is the peripheral structures, 
such as the collateral ligaments, that are the 
primary restraints in this situation [40]. Noting 
the observations above, it is apparent that 
the primary restraint is not necessarily the 
strongest or stiffest ligament that is capable of 
resisting the bone-bone motion, but usually the 
ligament that has the greatest mechanical 
advantage that is elongated the most. 

Length Change Patterns and Isometry 

Because ligaments attach to bones over an area, 
and not just at a single point, it follows that there 
can only be one ligament fiber which is on the 
axis of rotation as the joint is moved. Other 
fibers must be either stretching or slackening 
depending on which side of the axis they are 
situated. This effect is important both for 
understanding the functional anatomy of the 
ligaments and also for the surgeon when decid- 
ing where exactly to place a ligament graft, or 
how much tension to apply to the graft. 

In ligament surgery, the concept of isometry 
has been popular and instruments have been 
used to measure isometry of ligament grafts 
during surgery. The definition of isometry is 
that motion of the joint, for example, 
flexion-extension of the knee, does not cause 
the distance separating the bone attachments to 
change. The practical importance of isometry is 
confirmed by several factors: ligaments are 
elongated irreversibly if the strain cycles exceed 
a given level, perhaps 7% [42], while tendons 
that are used in ligament reconstructions can 
only withstand 4% strain reversibly [43]. It has 
also been shown that continuous passive 
motion causes greater slackening of non- 
isometric reconstructions [44], and that the 
functional results of anterior cruciate ligament 
reconstruction diminish if the reconstruction 
is not isometric [45]. It is, therefore, important 
to understand the isometric behavior of the 
natural ligaments that are to be reconstructed. 

The anterior cruciate ligament has received 
the most attention. A review of the literature 
[42] has shown that most studies have found the 
antero-proximal corner of the femoral attach- 
ment to be closest to isometric, in combination 
with an antero -medial or central tibial attach- 



ment. Measurement of the length change pat- 
terns of individual fiber bundles has shown that 
the more postero-distal fibers slacken signifi- 
cantly as the knee flexes [15,42,46]. Thus, the 
behavior of the natural anterior cruciate liga- 
ment suggests that the antero -medial fiber 
bundle (defined in terms of the tibial attach- 
ment area) is the most important at all angles 
of knee flexion. This is supported by other 
work showing that the antero-medial fibers are 
significantly stronger than the postero-lateral 
fibers [47] and that this is related to a higher 
collagen density [48]. 

It is possible to construct maps of the isome- 
try around the attachment of the anterior cru- 
ciate ligament [49], and it has been shown that 
there is a “transition line” between areas of 
increasing and decreasing attachment site 
separation distance over a range of knee flexion 
[50,51]. This transition line passes through the 
isometric zone described above. A ligament 
fiber or graft attached posterior to this line will, 
overall, slacken with knee flexion. Conversely, a 
ligament fiber or graft attached anterior to the 
transition line will be stretched as the knee 
flexes [52] (Figure 48.11). Some attachments 
will have a pattern of initial slackening followed 
by retightening, or of tightening followed by 




Figure 48.11. The femoral attachment of the anterior cruciate liga- 
ment is isometric at its antero-proximal corner. A "transition line" passes 
through the isometric zone. Fibers that tighten with knee flexion are 
anterior, and fibers that slacken with knee flexion are posterior to this 
line. From Amis et al. [52] with permission. 
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Figure 48.12. This shows a lateral view of a left knee, with the femur split in a midline sagittal plane and the lateral half removed to reveal the 
posterior cruciate ligament, a When the knee is extended, the anterolateral bundle of the posterior cruciate ligament is slack and the postero-medial 
bundle is tight but not aligned to resist posterior tibial drawer, b In mid knee flexion the antero-lateral bundle is tight and the postero-medial bundle 
is slack, c In deep knee flexion the postero-medial bundle is tight and well-aligned to withstand posterior tibial drawer, while the antero-lateral 
bundle is wrapped against the roof of the femoral intercondylar notch. 



slackening [42,53], as they pass through the 
transition zone between the two main patterns 
of slackening or tightening as the knee flexes. 

The posterior cruciate ligament has more 
extreme patterns of fiber length change, largely 
because the femoral attachment covers a large 
area, typically being 30 mm in anterior- 
posterior extent. The antero-lateral fiber bundle 
(defined now as the femoral attachment loca- 
tion) is a large bulk of fibers that joins the 
posterior tibial attachment to the roof of the 
femoral intercondylar notch anteriorly. It is 
clearly seen to be slack when the extended knee 
is examined by magnetic resonance imaging 
(Figure 48.12a). As the knee flexes, this fiber 
bundle tightens and takes a steeper angle from 
the tibial plateau (Figure 48.12b). In deep knee 
flexion, this structure rests against the roof of 
the femoral intercondylar notch. In contrast, the 
postero-medial fibers of the posterior cruciate 
ligament are tight in full knee extension, and 
slacken as the knee flexes. Since these fibers are 
approximately in a proximal-distal orientation 
when the knee is extended, they are not aligned 
efficiently to withstand posterior tibial transla- 
tion, which is known to be the main role of the 
posterior cruciate ligament. However, in deep 
knee flexion, these fibers become tight and well- 



aligned to control tibial posterior translation 
(Figure 48.12c) [17]. These observations have 
been correlated to the results of load testing of 
knees, with sequential cutting of the fiber 
bundles. This allows their mechanical role to be 
found. It confirmed that the antero-lateral fiber 
bundle was dominant across the mid range of 
knee flexion, the postero-medial in deep knee 
flexion, and that other structures, especially 
postero-lateral ligaments, were the primary 
restraints to posterior tibial translation when 
the knee was near full extension [54]. 

Although most attention has been paid to the 
cruciate ligaments of the knee, the principles 
described above also apply to other joints, and 
ligaments with distinct patterns of tightening 
and slackening during joint flexion-extension 
are found frequently, at the ankle, elbow, and 
metacarpo-phalangeal joints, for example. Al- 
though loss of ligament tension or changes of 
orientation may occur during joint motion that 
appear to leave the joint less well stabilized, it 
should be noted that this chapter has considered 
the passive stabilizing structures in isolation. In 
many activities of daily life, the joints are stabi- 
lized primarily by the muscle actions that both 
move and stabilize the joints, by compressing 
the bones together; the ligaments often act only 
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after these active controls have malfunctioned 
or been overcome. This factor leads to consid- 
eration of the proprioceptive role of sensory 
feedback arising from nerves in or on ligaments 
that may stimulate the muscles to protect the 
joint as the limits of motion are approached. 

Summary 

Ligaments function mechanically as passive 
restraints to the relative motions of bones, 
which means that they only act in tension 
after reaching the transition from slack to taut 
behavior. 

Ligaments have non-linear force-extension 
behavior, due mostly to the straightening-out of 
fiber crimp, and then to fiber recruitment. 

Ligaments exhibit viscoelastic behavior that 
is time-dependent, and so can suffer from creep 
elongation under prolonged loads. This also 
causes ligaments to stiffen if a rapid elongation 
is imposed. 

Because ligaments are relatively avascular, 
and so heal poorly, surgical treatment often 
requires reconstruction using a graft rather 
than repair. This, in turn, means that the 
surgeon must have a good working knowledge 
of factors such as ligament fiber length change 
patterns as joints move, and therefore an under- 
standing of how to optimize graft placement in 
relation to the natural ligament attachments and 
bone anatomy. 
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Lesions of the central pivot of the knee are 
responsible for chronic disabling instabilities 
which, in the long term, lead to irreversible 
arthrotic destruction of the articular surfaces. 
Since 1980, we have been using synthetic 
ligaments and, more recently, since 1986, pre- 
served human ligaments. The principle of 
ligamentoplasty is quite simply to replace torn 
ligaments with a prosthesis, aiming to repro- 
duce the anatomical course of the ligament 
and its functional properties as faithfully as 
possible. 

The main advantages of these techniques are: 

shortening of the time under surgery, 

the other anatomical structures of the knee are 
not damaged, 

and the possibility of early rehabilitation. 

General Biomechanics 

Basic Properties 

A mechanical evaluation of an artificial 
ligament is only useful if it is compared with 
the properties of the corresponding human 
ligament. 

The Parameters 

The parameters evolve along the usual 
tension-elongation curve which determines 
the behavior of the ligament. Extreme stresses 
are only encountered in traumatological 
circumstances. 

The rigidity of the ligament directly affects 
the function of the joint because if it is too 
rigid, it requires an intense muscular effort to 



mobilize the knee and risks causing tearing of 
the ligament or its attachments; if it is too weak, 
it will prevent the ligament from playing its 
stabilizing role. 

Apart from rigidity, the main parameters 
therefore seem to us to be the values of strength 
and elastic lengthening which, more than the 
maximum values, represent the true tolerance 
limit of the ligament as well as the time it takes 
for the initial length of the ligament to recover 
after single stretching. 

Measuring Methods 

Two main methods can be used: 

a specimen involving the ligament and the 
bone consists of removing knees from cadavers, 
and dissecting them until only the anterior 
cruciate ligament connects the two articular 
surfaces. 

another way of testing ligaments consists of 
attaching them directly to the inside of traction 
machines, using grips. 

The problem with this technique is that with 
grips there are always phenomena which crush 
and lacerate the tissue, which can alter its elas- 
ticity or its strength, hence the preparation of a 
cone-shaped device which surrounds the ends 
of the ligaments fixed in acrylic resin. 

Mechanical Properties of the 
Human Anterior Cruciate Ligament and of 
Prosthetic Ligaments 

As far as the mechanical properties of the 
anterior cruciate ligament of a cadaver is con- 
cerned, it would appear that there is no signifi- 
cant difference between the results obtained on 
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a frozen specimen after being frozen for several 
months. 

On the other hand, the age of the subject dis- 
plays a difference in the maximum average 
strength between a group of subjects approxi- 
mately 60 years of age and a group of subjects 
approximately 20 years of age with the strength 
being double. 

As far as the rate of elongation is concerned, 
it seems that the maximum strength of the 
human anterior cruciate ligament increases 
with elongation and it is often seen that 
although a slow rate leads to tearing due to bone 
avulsion, a rapid rate is more likely to lead to the 
ligament tearing in its middle part. 

The Life of a Ligament 

Two series of tests can be used in practice: 

cyclical tensioning tests, 
cyclical deformation tests. 

As far as cyclical tensioning is concerned, the 
variations in tension experienced by the 
ligament during flexion-extension of the knee 
are reproduced, at the end of which each 
ligament has its residual elongation measured 
and a maximum elongation test is performed 
to assess the changes in the strength and 
rigidity of this ligament, compared with a new 
ligament. 

When a cyclical deformation test is used, 
the resistance to repeated flexion is analyzed, 
combining constant, flxed-angle flexion of 
the ligament and continuous axial rotation of 
this ligament. This test therefore varies the 
points where maximum tension and compres- 
sion forces are applied in a homogeneous 
manner on the periphery. At the end of this 
test, the ligament is subjected to a maximum 
elongation test. 

Implantation in vivo in animals is certainly 
the method most used in research on synthetic 
ligaments. However, the frequency with which 
premature tears occur in the implant is regret- 
table as are the problems associated with 
applying the observations made in animal 
studies to man. 



Biocompatibility and 
Rehabilitation 

Biocompatibility 

The Risks 

In the case of ligament prostheses, general tol- 
erance at a distance from the implant can take 
several forms, whether it be problems associ- 
ated with general cytotoxicity, allergic reactions, 
toxicity speciflc to an organ, or teratogenicity. 

As for local tolerance, it has to be dissociated 
from the local inflammatory reaction connected 
with the introduction of any kind of foreign 
body into the system. This reaction does not 
affect biocompatibility, insofar as it ends after a 
few days or a few weeks to make way for stabi- 
lization of the interface. 

Carcinogenicity can be linked either to the 
chemical structure of the implants, or to their 
physical structure. 

Although most of the polymers used have 
proved to be carcinogenic in animal studies 
under certain conditions, these phenomena are 
very rare in man and are only present in a few 
rare cases of sarcomas seen near vascular pros- 
theses made of Dacron. 

The Tests 

Tests in vitro, consisting of placing the material 
studied in a cell culture and observing the reci- 
procal interactions between these two elements, 
are interesting because they are rapid (of the 
order of a few hours to a few days), reproducible, 
and specific. 

In vivo tests make it possible to take into 
account the stresses connected with the func- 
tioning of the prosthesis and, in particular, 
involving the immune system of the host 
through the host’s reaction to foreign bodies, 
the course of which, to a large extent, deter- 
mines the tolerance of the implant. 

Rehabilitation of the 
Artificial Ligament 

Colonization of the prosthesis by the tissues of 
the host - or rehabilitation - is a phenomenon 
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very much linked to its biotolerance. This idea 
of the prosthesis being a more or less temporary 
support for a biological new ligament is very 
debatable and many papers demonstrate that 
the mechanical role of this recolonization is 
extremely limited. 

The chemical nature of the implant can 
become involved in this phenomenon as well as 
its physical nature and it seems to be an estab- 
lished fact that, far more than the diameter of 
the fibers or their direction, it is the porosity of 
the implant which is the decisive factor. 

Finally, the mechanical stresses seem to be 
just as important in maintaining the functional 
properties of the ligaments. And, conversely, 
immobilization is responsible for consider- 
able fragilization of the ligament tissue and its 
insertions. 

The Ligaments Used 

Artificial Ligaments 

Carbon 

Carbon ligament prostheses consist of elemen- 
tary filaments 5 to 10 microns in diameter, 
grouped into unidirectional bundles or in 
plaited or twisted strands of several thousand 
elements. Endurance in traction is theoretically 
very high. However, when this strength is 
measured on a traction machine, the figures are 
often clearly lower than the theoretical value 
anticipated. Shear strength is poor, which leads 
to fragmentation of the fibers and, when histo- 
logical slices are taken, many breaks in the fila- 
ments can be seen. 

Plaiting the fibers considerably reduces the 
rigidity of the prostheses. It seems that the best 
results are obtained for a ligament consisting of 
32 strands of 3,000 filaments plaited at an angle 
of 43°. 

As far as biocompatibility is concerned, 
taking account of the usual fragmentation of 
carbon fibers, this is seen to turn into a foreign 
body, rapidly developing into abundant and 
regular fibrosis, the mechanical properties of 
which are, however, insufficient to replace a 
prosthetic ligament. On the other hand, the 



possibility of lymphatic drainage is proven by 
the almost constant discovery of carbon in the 
regional ganglions. 

Carbon ligaments also poses problems for the 
anchorage technique, because the fragility of 
the fibers makes it difficult to attach them. 

To summarize, carbon fiber is a material 
which, mechanically, has great resistance to 
traction, very high rigidity, and poor resistance 
to shearing forces, in spite of the various plait- 
ing and sheathing measures adopted. Used as a 
cruciate ligament prosthesis, it inevitably breaks 
with the stresses being relayed progressively to 
the fibrous new ligament which appears, the 
mechanical properties of which are inadequate 
to ensure that this function is effective. 

Polyethylene 

High-molecular-weight polyethylene is largely 
used by orthopedists for manufacturing total 
hip acetabula on account of its excellent resist- 
ance to abrasion. Several ligaments have been 
made since 1974, consisting of strands of plaited 
filaments, the shape of which varies according to 
the type of ligament used (polyflex of Cendis). 

As far as the basic properties of this ligament 
are concerned, it appears that: 

The elastic strength is very limited, 

the recovery time after single tensioning is 
short, 

and experiments performed at different ten- 
sions show the slowness with which the liga- 
ment returns to its initial length. 

As far as its biocompatibility and rehabilitation 
are concerned, polyethylene displays no cyto- 
toxic effects and is well tolerated by the host 
tissues. 

In summary, high-molecular- weight polyeth- 
ylene has good biological tolerance. The attach- 
ment methods of certain ligaments, such as 
Cendis, for example, make it easy to use, all the 
more so that their mechanical properties are 
wholly satisfactory. 

Polypropylene 

Polypropylene is a synthetic polymer which has 
been suggested as a strengthening prosthesis. 
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An example is Kennedy Lad. This is a plait 
of twisted polypropylene which is used to 
strengthen ligamentoplasty and is sutured along 
the whole course of the transplant. 

As far as the basic properties are concerned: 
the rigidity of the plait is linear, with the 
tension-elongation curve having a uniform 
slope up to break point. The maximum elastic 
strength values are, consequently, difficult to 
measure. 

As far as the in vivo life of the plait itself is 
concerned, it would appear that the overall 
solidity of attachment increases with time and 
stabilizes as from the sixth month; the rigidity 
reaches values of the order of 100 kg Newton per 
meter and is therefore similar to that of normal 
ligaments. 

As far as the biocompatibility of the product 
is concerned, using polypropylene as suture 
material has never posed major tolerance prob- 
lems, even in the long term. 

Polytetrafluoroethylene 

Polytetrafluoroethylene, which is still called 
Teflon, is used as a biomaterial under the name 
of Cortex for vascular prostheses or cruciate 
ligament prostheses. As far as its basic proper- 
ties are concerned: tearing always occurs sud- 
denly by pulling an attachment eyelet hole, 
without previously modifying the slope of the 
curve. 

The maximum resistance value is very high 
on isolated ligaments and its rigidity increases 
with the degree of elongation, but is close to that 
of the cruciate ligament for its area of physio- 
logical use. 

Dacron 

Dacron is certainly the most used of the syn- 
thetic polymers of the ethylene polyterephtha- 
late family. It is a material with an essentially 
fibrous structure used in the form of a plaited 
or knitted strand still called Dacron Velvet. The 
large mesh of this latter type of ligament is 
intended to encourage good assimilation of the 
implant into the host tissue. 

As far as its biocompatibility is concerned, 
tests on cell culture show the absence of any 
cytotoxic effect by Dacron but an analysis of 



the implantation phenomena in vivo is interest- 
ing because a gradual improvement can be seen 
in the signs of inflammation, as fibrous en- 
capsulation of the ligament takes place. In the 
intra-articular position, dacron only seems to 
produce moderate and transitory synovial 
reactions where the implant remains intact. 
On the other hand, major inflammatory reac- 
tions with changes in the cartilage and in the 
synovial membrane can be seen if the prosthe- 
sis breaks. 

As far as carcinogenicity is concerned; under 
certain conditions many synthetic polymers, 
including Dacron, have a carcinogenic effect in 
animals, almost exclusively in rodents. This 
phenomenon occurs very rarely in man for 
the materials currently used. Three cases of 
sarcoma have been published after a Dacron 
vascular prosthesis was implanted. This sug- 
gests that man is only slightly prone to these 
phenomena or at least that there are very long 
latency periods of the order of several decades. 

To summarize. Dacron is generally fairly well 
tolerated biologically. The most worrying 
problem is not the solidity of the implants but 
the fairly common occurrence of reactional 
synovitis which sometimes makes it necessary 
to remove the synthetic material. 

Tendon Allografts 

Although ligament or tendon autografts are well 
tolerated, and widely used, they do, however, 
mean that a neighboring tendon or ligament has 
to be sacrificed, the removal of which prolongs 
the time of the operation and alters the bio- 
mechanical conditions of the functioning of the 
joint. 

Xenografts of bovine origin are closer to the 
ligament prostheses treated with glutaraldehyde 
for increasing the reticulation of the collagen 
fibers. They are currently rarely implanted in 
man because of their poor biocompatibility and 
their inadequate mechanical properties. 

Ligament and tendon allografts make it pos- 
sible to replace the anterior cruciate ligament as 
an autograft without sacrificing a neighboring 
tendon. 

The specification for ligament and tendon 
allografts is as follows: 




568 



Biomechanics and Biomaterials in Orthopedics 



The allograft has to have a similar morphologi- 
cal structure and mechanical properties to those 
of the ligament replaced. 

It has to be perfectly well tolerated. 

In the long term, it has to be able to be recolo- 
nized by the cells of the host to which it will 
serve as directional support. 

The way in which it is obtained has to be com- 
patible with the legislation on organ removal. 

It has to be able to be preserved and stored 
in a sterile manner without suffering major 
decomposition. 

Its surgical implantation has to be easy, cause 
little trauma, and allow the graft to be firmly 
anchored. 

Finally, the properties of the allograft have to be 
stable over time. 

Different Allografts which can be Used 

Allografts have to be taken from young donors, 
so that the force and stress values at rupture are 
similar to those of a normal ligament (1,725 
Newtons). The allograft that would best meet 
the morphology and structure criteria would, of 
course, be an allograft of an anterior cruciate 
ligament, however, the choice of this ligament 
presents considerable technical problems. The 
patellar tendon, on the other hand, can be easily 
removed with two bone insertions on the patella 
and the tibia; it is sufficiently long and has 
mechanical properties which are clearly superi- 
or to those of the anterior cruciate ligaments, 
even if it is reduced to its middle third. 

Preservation by Cryogenics Seems 

In order to avoid transmitting any infectious, 
bacterial, viral, or mycotic pathologies to the 
host subject, it is necessary to have a sterile allo- 
graft. The allograft is removed in the operating 
theater from selected donors with all the usual 
asepsis-related surgical precautions. The graft 
is then packed in a sterile pack bathed in an 
antibiotic-containing solution and frozen to 
-198 °C in the Blood Transfusion Center. Other 
methods for sterilizing the allograft by irradia- 
tion or exposure to ethylene oxide were found 
not to be satisfactory. 



Tolerance in the Host Subject 

Although the different cellular and protein 
components which the ligament allografts 
removed in isolation contain can trigger an 
immune response, the apatite contained in the 
bone as well as in the collagen of the tendon 
does not trigger a clinically perceptible immune 
response. 

Allografts preserved by freezing do not 
trigger the appearance of the immune HLA 
group as has been proved by various immuno- 
logical studies performed at the Blood Transfu- 
sion Center in Marseilles. 

Mechanical Studies 

The graft consisting of the central third of the 
patellar tendon together with its insertions 
has been studied mechanically. Creep tests as 
well as traction tests right up to rupture show 
that: freezing does not alter the appearance, 
the color, or the mechanical properties of the 
grafts; which is not the case for an irradiated 
tendon - which takes on a board-like appear- 
ance -, or an irradiated and freeze-dried tendon, 
the fibers of which come apart and have a 
fibrillary appearance. 

The problem with these grafts is the me- 
chanical behavior in situ in the long term during 
revascularization. Experimental studies are cur- 
rently being conducted to see what the impor- 
tance is of this revascularization and its effect 
on the mechanics of the joint in the months and 
years following implantation. 

Conclusion 

Apart from the unexpected gain in solidity, 
synthetic ligaments often also have the advan- 
tage of shortening the operating time and allow- 
ing early rehabilitation. 

The design of a prosthesis of this kind should, 
in our view, most definitely be directed towards 
an implant which is itself capable of bearing all 
the stresses to which the anterior cruciate liga- 
ment is subjected immediately after implanta- 
tion and in the long term. However, the idea of 
new ligaments which a more or less biodegrad- 
able implant could produce or of a functional 
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unit that combining synthetic material and 
newly formed tissue would produce, although a 
satisfying idea, seems to us to be illusory from 
a practical point of view. We have seen some of 
the models proposed and have shown the strik- 
ing correlation which exists between the 
mechanical properties of the prosthetic liga- 
ments and the quality of the results obtained 
when they are implanted in man. 

As far as the use of preserved ligament allo- 
grafts are concerned, according to the first 
clinical results, it would appear that there is a 



considerable percentage of joint laxity when 
these are used. 

The solution, perhaps, is to combine a pre- 
served allograft and a reinforcing prosthetic 
ligament, which would prevent stresses being 
exerted directly on the allograft during its 
rehabilitation period (2-3 years), with the pros- 
thetic ligament being ruptured when the 
allograft has regained satisfactory mechanical 
behavior. 

Only the test of time will, of course, be able to 
confirm whether such a choice is well founded. 
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A specific method for accurate and reproducible 
in vivo knee studies was developed. The femoral 
knee axis is represented by a straight line which 
connects lateral and medial markers fixed on 
the femoral epicondyles. The tibia is represented 
by three markers. The relative displacements of 
the femoral knee axis versus the tibia make it 
possible to determine a knee local frame and to 
calculate the angles of abduction and axial rota- 
tion in the local frame based upon the tibial 
plateaus. 

In this chapter, curves present the kinematic 
results and show the variations of the anatomi- 
cal angles of flexion, abduction, and rotation 
versus time expressed as a ratio of stance phase 
duration. The global load (force and moment) 
between the body and the patient’s foot induces 
loading at the level of the knee joint. Dynamic 
results correlated with kinematic ones are 
described by the changes in the moment com- 
ponents projected onto the same local frame. 
The moment components are expressed as 
values without dimension in order to make 
direct comparison between subjects of different 
height and weight possible. 

Two groups of subjects were studied: a 
group of nine normal subjects and another of 
nine subjects with anterior cruciate ligament 
(ACL) deficiency. Numerical treatments of the 
results obtained from the group of normal 
subjects give the kinematic and dynamic 
behaviors of the knee of a “mean normal 
subject” during the stance phase of gait. Mean 
curves and corresponding dispersions are 
presented. 

The knees of patients suffering from ACL 
deficiency show similar biomechanical behavior 
as regards angle and moment variations. The 
results obtained from the group of patients are 



directly compared with those obtained from 
the normal group. Similarities and differences 
are analyzed and discussed. The biomechanical 
anomalies observed in the patients are charac- 
teristic of ACL deficiency. 

Introduction 

Anterior cruciate ligament (ACL) deficiency 
is frequent. Its short and long-term clinical 
consequences are well known [1]. Cartilage 
and meniscus damage are observed as well as 
episodes of giving way [2], and are attributed to 
changes in knee kinematics. The absence of ACL 
has obvious consequences on the stability of the 
knee under static load conditions [3]. Clinical 
diagnosis is generally easy and clinical tests are 
made under static conditions. Cadaver studies 
show an increase in the laxity of the knee in each 
of its six degrees of freedom [4,5,6,7]. Giving 
way during a physical activity is a dynamic 
symptom. Most of the information about 
knee displacements are obtained through static 
studies and tests. During these experiments the 
knee may be loaded but these loading condi- 
tions poorly represent human motion. Several 
gait analyses focus on the sagittal plane during 
the entire gait cycle. Paul et al. [8] showed that 
the stance phase must be specifically analyzed at 
walk because the knee is loaded during this 
phase. What are the dynamic consequences of 
an ACL deficiency during the stance phase at 
walk? In this paper we suggest a solution 
through the comparison between the mechani- 
cal behavior of normal and ACL-deficient knees 
in motion. 

Three-dimensional in vivo studies of joints 
imply that each body segment adjacent to the 
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joint be equipped with three reflective markers, 
the trajectories of which are described with an 
optoelectronic system. The global kinematics of 
the joint is directly obtained, using the trajecto- 
ries of the markers in the laboratory frame. 
These trajectories are obtained from all the 
discrete positions of the markers given by 
the cameras. The relative displacements of the 
markers that belong to a body segment are cal- 
culated in relation to the other body segment 
assumed to be fixed. Any finite displacement of 
the joint between two successive positions can 
be described as a screw displacement, using the 
following screw parameters: the unit vector of 
the helical axis, one point along the helical axis, 
the rotation and the translation around and 
along the helical axis respectively. Dimnet et al. 
[9] proposed a vectorial method so as to deter- 
mine the finite screw displacement parameters 
from relative finite displacements of markers. 
Woltring et al. [10] defined a matricial technique 
and evaluated the effects of the errors in the 
positioning of markers onto the screw para- 
meters. De Lange et al. [11] generalized this 
approach. 

The three-dimensional position of one body 
segment in relation to another is given by a 
sequence of three elementary rotations around 
anatomical axes (flexion, abduction, axial rota- 
tion) and the corresponding translations. A 
matrix form can represent these three elemen- 
tary rotations and corresponding translations 
[12,13]. This sequential representation is equiv- 
alent to a global screw displacement. The kine- 
matics of the joint can thus be represented by a 
set of six curves: three curves of rotation and 
three curves of translation. Ramakrishnan et al. 
[14] quantified the errors in the results due to a 
wrong estimation of the axis of flexion of the 
knee. Grood et al. [15] assume that the axis of 
axial rotation of the knee is obtained by con- 
necting the knee and hip centers. Other authors 
use the direction of the femoral diaphysis as the 
axis of axial rotation of the knee. The calcula- 
tion of the three-dimensional angular orienta- 
tion of a body segment in relation to another 
one, through a sequence of three anatomical 
rotations, depends on the sequential order 
because the axes of rotation move during 
motion. The same displacement in space can be 



described differently if the sequential order 
of description is different. Some teams have 
chosen the following order: flexion, abduction, 
and rotation [15,16]. Other teams retained 
another order: flexion, rotation, and abduction 
[17]. Whatever the sequential order, the results 
regarding flexion are similar but the results 
regarding abduction and axial rotation are very 
different. 

Generally, joint kinematics obtained from the 
numerical treatment of the trajectories of 
external markers is supposed to represent the 
kinematics of bones. Markers, however, are 
fixed upon the skin and tissues are interposed 
between bone and skin. Cheze et al. [18] 
observed two disturbing effects in the relative 
displacements of external markers in relation to 
internal bones: the first one is due to skin elas- 
ticity. The measurements of the triangle formed 
by the markers fixed on a body segment (seg- 
mental triangle) continuously vary during 
motion. A solidification procedure can be used 
to substitute a rigid triangle for each segmental 
triangle. Laws of solid kinematics can then be 
applied to the solidified triangles. The second 
disturbing effect is due to the movements of 
the soft masses interposed between skin and 
bone. Cappozzo et al. [19] mentioned the 
problem. Lafortune et al. [20] excluded the 
effects of these artifacts in directly implanting 
tripods equipped with reflective markers in 
bones. In this chapter another approach is sug- 
gested. Two groups of subjects were studied: a 
group of nine normal subjects and another of 
nine subjects with ACL deficiency. External 
markers were placed on osseous landmarks at 
the level of the knee. We studied the stance 
phase, which is the phase during which the 
knee is loaded. During this phase, the relative 
displacements of the skin in relation to bones 
are constantly relatively small [21]. Our goal was 
to obtain accurate and reproducible results 
regarding abduction and rotation during the 
stance phase. We therefore defined a new proto- 
col and a new method of numerical treatment. 
This new protocol and this new treatment were 
applied to our two groups of subjects. The 
results appeared very reproducible and signifi- 
cant differences between the two groups were 
shown. 
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Materials and Methods 

The Two Groups of Subjects 

Nine normal subjects (six males and three 
females) of a mean age of 26 ± 6 years were 
studied. They had no previous trauma or 
surgery on their inferior limbs. Only their right 
side was studied. 

Nine patients of a mean age of 26 ± 6 with 
unilateral anterior cruciate ligament (ACL) defi- 
ciency (three females, six males) were selected. 
They all suffered from knee instability and were 
scheduled for reconstructive surgery. They all 
had a positive Lachman test, with a soft end 
point, and a positive pivot shift test. The passive 
knee anterior laxity was evaluated using a KT 
1000 device. The results showed injured vs. 
normal side differences of 7 ± 2 mm. In this 
group, only the injured side was studied. 

Experimental Protocol 

The retro-reflective markers were fixed on the 
subjects on the following landmarks: anterior 
iliac spine, iliac crest, and posterior iliac spine 
for the pelvic segment, medial and lateral epi- 
condyles and greater trochanter for the thigh 
segment, anterior tibial tuberosity and medial 
and lateral ankle malleolli for the tibial segment, 
posterior aspect of calcaneum, base of third and 
fifth metatarsal bones for the foot. Great atten- 
tion was paid to fix the markers on the more 
prominent parts of the osseous landmarks. The 
markers were fixed upon a tape which was glued 
on the skin. The trajectories of the markers in 
the laboratory frame were computed by the 
use of a Motion Analysis System. This system 
is composed of five cameras (the frequency 
of which ranges from 60 to 200 Hz), a high- 
resolution software (E.V.A) and a Sun com- 
puter. The cameras were positioned so that each 
marker be observed by at least two cameras at 
each instant of time. This particular location 
was justified by the need for a continuous obser- 
vation of all markers and in particular those 
which were placed on the medial side and which 
might have been hidden by the opposite limb 
during its swing phase. A force plate (OR 6-5 



AMTI Advanced Mechanical Technology) was 
used in addition to the opto-electronic system. 
The cameras were placed around the force plate 
so as to determine the kinematics of the knee 
under load. The opto-electronic frame was the 
same as that of the force plate. Both opto- 
electronic and force signals were synchronized. 

The first step was the calibration of the three- 
dimensional space of the laboratory. The mea- 
surements of the calibrating object were 50 cm 
X 75 cm X 80 cm. The calibrating object was 
placed so that it surrounded the force plate. The 
linear and angular accuracies after treatment 
when markers were situated inside the calibra- 
tion object were 0.5 mm and 0.15° respectively. 
When outside, the accuracies were 1.8 mm and 
0.31° respectively. 

Each subject was studied in three static rest 
positions and during walking. The subject was 
asked to stand up in three different fixed posi- 
tions: first feet parallel, second in a free rest 
position in which the subject felt comfortable, 
and third the knee axes parallel to the frontal 
plane. Each static position was recorded during 
one second. The mean position of each marker 
during each recording was calculated. Dynamic 
positions were subsequently studied in relation 
to these static postures in order to determine 
the more neutral position. This more neutral 
position was used as a reference for the studies 
of the knee in motion. Each patient was then 
asked to walk at a steady state. He started to 
walk about 6 m before reaching the force plate 
and the cameras. This distance represented four 
complete gait cycles. The patient was asked to 
follow a straight line drawn on the floor. A great 
many trials were recorded. Only the trials in 
which the subject walked along the line drawn 
on the floor and left his foot in contact with the 
force plate during the whole stance phase were 
kept and subsequently treated. Trials were 
repeated as many times as needed in order to 
obtain at least 10 correct records. The last step 
was the recording of a circumduction move- 
ment of the inferior limb, knee extended, in 
order to calculate the location of the internal 
center of the hip in relation to the external 
markers [22]. Seven complete circumduction 
movements were recorded in order to improve 
the accuracy of the result. The duration of this 
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stance phase varied between two trials and from 
one subject to another. Time was thus expressed 
as a ratio of stance phase duration. The vertical 
component Fz of the ground reaction force was 
used to determine the beginning and the end 
of the stance phase. The stance phase corre- 
sponded to Fz > ION. For the studied group, the 
stance phase may be considered as a sequence 
of three sub-phases: heel strike (23% of stance 
phase duration), foot laid flat on the ground 
(53%), and lift off (24%). These values are com- 
parable to those given by Biden et al. [23]. 

A reproducibility test was performed. One 
normal subject was randomly chosen. He was 
equipped with the markers and asked to make a 
series of trials at different moments of the same 
day. Seven trials were recorded. Two weeks later, 
the same subject was tested again by a different 
operator. Four trials were recorded. The goal 
was to estimate the influence of the positioning 
of markers on the results. A curve describing 
knee kinematics was drawn from each trial. The 
mean curve and standard deviation represent 
the reproducibility of knee kinematics of the 
same subject in the same conditions. The 
trajectories of the markers were numerically 
treated, so as to obtain different kinds of kine- 
matic results. The trajectories of the markers 
placed upon a same body segment (segmental 
markers) make it possible to obtain displace- 
ments of this segment in relation to the fixed 
laboratory frame. The relative displacements of 
each body segment in relation to the adjacent 
one, assumed to be fixed, make it possible to 
obtain the kinematics of the joint placed 
between the two body segments. The kinemat- 
ics of all segments and all joints was calculated. 
In this paper we focus on knee joint kinematics. 

Local Knee Kinematics 

Usually, knee kinematics is obtained from the 
calculation of the instantaneous relative posi- 
tions of the set of markers fixed on the thigh 
segment in relation to the tibial segmental 
markers assumed to be fixed. Two kinds of noise 
disturb the estimation of the internal joint kine- 
matics when it is directly obtained through the 
trajectories of markers. The first one is due to 
the elastic deformations of the skin. A solidifi- 



cation procedure [18] must be applied. The 
second origin of noise is the relative displace- 
ments between external markers and internal 
bone because of interposed smooth masses. 
A corrective function must be applied to the 
kinematics obtained through the treatment of 
external markers so as to determine the joint 
kinematics, but it requires a previous study for 
each joint, each subject, and each task. 

A new approach is proposed so as to deter- 
mine knee kinematics. The results obtained are 
independent of the tested subject. In this case, 
the results obtained from the treatment of exter- 
nal markers coincide with internal kinematic 
results. Two markers were located at the level of 
the medial and lateral epicondyles. A straight 
line passing through these two markers repre- 
sents the condyle axis. A frame was affixed to the 
tibia through the three tibial markers using a 
usual technique. During the stance phase of gait, 
the bundle of condyle axes is distributed around 
a mean plane in the tibial frame. This mean 
plane is a correct estimation of the mean plane 
of the tibial plateaus (Figure 50.1). A local 
tibial frame based on this mean tibial plane 
was defined. The direction of the condyle axis 
(which connects the condyle markers) is not 
affected by the possible changes in the distance 
between the two markers due to the effect of 
smooth masses. Each instant location of the 
condyle axis in relation to the local tibial frame 
gives the angles of both axial rotation and 
abduction of the knee. The zero value of these 
angles was obtained from the treatment of the 
static posture corresponding to the free rest 
position. This free rest position appeared to be 
the more neutral static position and to give the 
more reproducible dynamic results. The flexion 
angle was obtained using the 3D kinematic 
technique. At each instant of time the angular 
orientation of the knee joint was calculated 
from the relative position of the femoral frame 
based on the epicondyles and the hip center 
in relation to the tibial frame. A sequence of 
three successive rotations - flexion, abduction, 
and axial rotation - was applied. The values 
obtained by the standard method for axial rota- 
tion and abduction are significantly different 
from those obtained through the condyle axis 
technique described above. The curves of angle 
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variations presented in this paper were obtained 
by two techniques: calculation of the relative 
displacements of the femoral frame versus the 
tibial frame for the angles of flexion (standard 
method) and calculation of the relative dis- 
placements of the condyle axis in relation to the 



local tibial frame for the angles of rotation and 
abduction (new method). Flexion, abduction, 
and internal rotation correspond to positive 
values. The center of the two epicondyle 
markers was assumed to be the knee center. It 
was thus possible to calculate its instant posi- 
tions in relation to the local tibial frame. The 
position of this knee center is subject to inaccu- 
racies due to the imprecision of the 3D position 
of each epicondyle marker. Conversely, the 
direction of the condyle axis is much more accu- 
rate. Because of that, we focused on the shape of 
the trajectories of the knee center during stance 
phase rather than on the trajectory itself. This 
trajectory can be included in a rectangle, the 
measurements of which were calculated. 



Local Knee Dynamics 

The signals given by the force plate are available 
in the form of the instantaneous values of the 
generalized ground reaction force (force and 
moment). At each instant of time, three compo- 
nents of force: F^, F^, F^, and three components 
of moment at the platform center: m^, m^, m^, are 
measured. The local tibial frame can be located 
at each instant of time in relation to the labora- 
tory frame. At each instant and for each posture 
of the lower limb, it was possible to calculate the 
effects of the ground reaction force at the level 
of each joint. Force and moment components 
are presented in normalized form. The force 
components are expressed as a ratio to the 
weight of the subject. The moment components 
are expressed as a ratio to the product weight of 
subject per height. Kinematic and dynamic 
results obtained in different subjects can thus be 
directly compared. Each subject was submitted 
to previous anthropomorphic measurements. 

In this study the weight of the foot and leg 
segments as well as the forces of inertia were 
neglected. The generalized local force (local 
force and local moment) induced by the ground 
reaction force at the level of the foot was pro- 
jected onto the local tibial frame. At each instant 
of time, the kinematic components (flexion, 
abduction, and rotation angles) can be directly 
compared with the moment components 
applied to the joint, as both of them are pro- 
jected onto the same local frame. 
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Figure 50.2. Reproducibility of the kinematic results as regards axial rotation in a healthy subject: seven different testings were done on a day 
(first day) and four other testings were done another day (second day). The markers were all taken off and replaced between first day and second 
day testings. 



Results 

Reproducibility Tests 

The influence of the positioning of markers and 
of the moment of the recording is shown for 
axial rotation of the loaded knee (Figure 50.2) 
as axial rotation was shown to be the move- 
ment that led to the maximum interindividual 
dispersion. 

Figure 50.2 shows the axial rotation obtained 
in the same subject from two series of tests 
made on different days, which implied removal 
and repositioning of markers. Repositioning of 



markers have no influence on the results, which 
can thus be considered as reproducible. 

The Group of Normal Subjects 

The curves describing knee kinematics during 
the stance phase in the group of normal subjects 
are presented (Figure 50.3). Kinematic results 
are obtained as follows: for each instant of time 
(expressed as a percentage of stance phase 
duration), for each trial, and for each subject, 
three angular components were calculated: 
flexion, abduction, axial rotation. For each angu- 
lar component and for each instant, 90 values 




Figure 50.3. Kinematic knee behavior during the stance phase in a "mean normal subject" 




Correlated Kinematic and Dynamic Studies of the Knee Joint During the Stance Phase of Gait 



577 



corresponding to ten trials per subject and to 
nine subjects were available. Mean values and 
corresponding dispersions (± one standard 
deviation) were then calculated. The same 
procedure was used for moment components 
(Figure 50.4). The moment induced by the 
ground reaction force was reduced at the knee 
center and then projected onto the same local 
frame as the one used for kinematic calcula- 
tions. As time was expressed without dimension 
(as a percentage of stance phase duration) the 
curves of variations in angles versus time 
(Figure 50.3) showed great similarities between 
normal subjects. Moments were expressed 
without dimension either, as ratios to weight of 
subject per height. The corresponding units are 
called moment units (MU). The curves of vari- 
ations in moments versus time (Figure 50.4) 
also showed great similarities between normal 
subjects. A concept of a “mean normal subject” 
was thus introduced, which corresponded to the 
mean values. 

The flexion angle of a “mean normal subject” 
(Figure 50.3a) increases continuously from 9° to 
IT during the first subphase, then decreases 
from 27° to 12° (second subphase) and increases 
again from 12° to 37°. The dispersion is partic- 
ularly high during the first subphase (±5°). The 
mean abduction angle (Figure 50.3b) decreases 
slightly from 0.4° to -0.4° with a dispersion, the 
maximum of which is 0.5°. These very small 
abduction values, which vary around zero, indi- 
rectly validate the choice of the mean plane 
drawn by the bundle of the condyle axes; this 
mean plane is roughly parallel to the mean 
plane of the tibial plateaus. The mean angle 
of axial rotation decreases from 5° to 0° at the 
beginning of the first subphase and then 
increases regularly toward the internal side and 
reaches 14.2° when the foot leaves the ground. 
Axial rotation behavior displays the greater dis- 
persion. It can be greater than ±5°. 

All the curves of variations in moment com- 
ponents (Figure 50.4) show discontinuities at 
the beginning of the first subphase when the 
heel strikes the floor. This phenomenon is 
encountered at the same time. It can be assumed 
that the moment vector (resultant of the three 
moment components) is affected by a disconti- 
nuity at this time. This discontinuity corre- 
sponds to an impact when the heel strikes the 



floor. This impact lasts for around 20 ms. Curi- 
ously enough, it does not appear on kinematic 
results. This impact apparently has no conse- 
quence on movement. The dispersion value is 
less than ±0.3 MU. In the normal subjects ana- 
lyzed the greatest interindividual differences 
observed concern the kinematics of the loaded 
knee and more particularly the axial rotations. 
The moment induced at the level of the knee 
and due to external forces is very similar 
between subjects. 

Group of Patients with ACL Deficiency 

For each instant of time, mean values for all 
trials and for all patients and corresponding 
dispersions (± one standard deviation) were 
calculated. The kinematic and dynamic 
behavior of the ACL-deficient knees are very 
similar between subjects and thus make it pos- 
sible to define the mechanical (kinematic and 
dynamic) behavior of a “mean pathological 
subject”. 

Figure 50.5 shows the mean kinematic behav- 
ior of a patient with ACL deficiency. The insta- 
bility previously observed in abduction - 
adduction in a pathological subject - is found 
again in all the patients. 

Figure 50.6 shows the mean dynamic behav- 
ior of the injured knees. The high impact during 
heel strike is present in all the patients. 

Comparison Between the Two Groups 
(Normal Subjects and Patients with 
ACL-deficient Knee) 

The same figure 50.5 also delivers the kinematic 
behavior of the loaded knee of a “mean normal 
subject” during the stance phase of gait and that 
of a “mean patient” with ACL deficiency. The 
“mean normal subject” is represented through 
mean curves and corresponding dispersions. 
The mean behavior of the group of patients is 
represented through mean curves only in order 
to preserve the readability of the diagrams. For 
flexion angles (Figure 50.5a) the “mean patient” 
curve is entirely situated below the dispersion 
zone of the “mean normal subject”. There are no 
significant differences between the curves of 
variations in abduction angles of the two groups 
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Figure 50.4. Dynamic knee behavior during the stance phase in a "mean normal subject" 
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Figure 50.5. Kinematic behavior of a knee joint with ACL deficiency compared with that of a "mean normal subject" 
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(Figure 50.5b). The variations in the angle of 
axial rotation of a “mean patient” is entirely 
included inside the dispersion zone of the 
“mean normal subject” but the appearance of 
this curve versus time is very different. The 
pathological knee continuously rotates with a 
continuous slope during the last two subphases 
of the stance phase. 

Figure 50.6 shows the dynamic behavior of 
the knee of a “mean patient” with ACL defi- 
ciency and that of a “mean normal subject”. The 
curves of variations in the moment of flexion 
(Figure 50.6a) and abduction show lower mag- 
nitudes in the pathological knee than in the 
normal one. The moment of axial rotation 
exerted on a pathological knee is strongly dif- 
ferent from that sustained by a normal knee 
(Figure 50.6c). 

The comparison between Figures 50.5 and 
51.6 makes it possible to correlate kinematic 
and dynamic results. In the normal and patho- 
logical subjects, kinematic and dynamic behav- 
iors in flexion are similar (same shapes of 
curves 50.5a and 6a). In the normal and patho- 
logical subjects, kinematic and dynamic behav- 
iors in abduction are different (different shapes 
of curves 50.5b and 6b). In rotation, normal 
and pathological knees show strongly different 
mechanical behavior. In the normal knee, the 
kinematic and dynamic behavior in axial rota- 
tion are different (different shapes of curves 
50.5c and 6c). In the ACL-deficient knee, the 
kinematic and dynamic behavior in axial rota- 
tion are similar (same shapes of curves 50.5c 
and 6c). 

Influence of the Local Condition 
on the Kinematic Behavior of 
Adjacent Joints 

An ACL deficiency significantly modifies the 
kinematics and the dynamics of the knee joint, 
especially in rotation. What are its effects upon 
the adjacent joints, i.e., the ankle and the hip 
joint? Figure 50.7 shows the kinematic behavior 
of the joints of the pathological lower limb in 
axial rotation during the stance phase. The 
results obtained in a pathological patient are 
compared with those obtained in a “mean 



normal subject” tested under the same condi- 
tions. The results obtained in the patient are 
presented in the form of a curve while those 
obtained in a “mean normal subject” are pre- 
sented as a zone of dispersion. 

The kinematic behavior in axial rotation of 
the hip (Figure 50.7a) and of the ankle (Figure 
50.7c) in a patient with ACL deficiency is 
entirely different from that of the same joints in 
a normal subject. The adjacent joints compen- 
sate for ACL deficiency and for the biomechan- 
ical anomalies induced by the condition. 

Discussion and Conclusion 

In this study, a new protocol based on a differ- 
ent mechanical concept was established and 
validated. This protocol focuses on the displace- 
ments of an axis, the femoral condyle axis, in 
relation to a local tibial frame based upon the 
plane of the tibial plateaus. Both kinematic 
(angular displacements) and dynamic (moment 
components of external force) results are ana- 
lyzed in this local tibial frame, which makes 
comparison between them possible. 

The experiment appeared to be reproducible. 
The positioning of markers does not influence 
the results significantly. 

This new protocol allowed us to obtain results 
that were comparable between normal subjects, 
enabling us to define the mechanical (kinematic 
and dynamic) behavior of a normal knee 
(“mean normal subject”). Similarly, the results 
obtained in patients with ACL deficiency were 
comparable, allowing us to define the mechani- 
cal behavior of a knee with ACL deficiency 
(“mean pathological knee”). 

The comparison between a “mean normal” 
and a “mean pathological” subject enabled us 
to determine mechanical parameters that are 
characteristic of ACL deficiency. These parame- 
ters are: 

an instability in abduction-adduction in the 
ACL-deficient knee at the end of the stance 
phase (during lift off). 

a different pattern of axial rotation in the 
pathological knee compared with the normal 
one. 
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Figure 50.7. Kinematic effects of a knee condition upon the injured and adjacent joints as regards axial rotation. 
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high moment components (in flexion, abduc- 
tion, and rotation) during impact (heel strike) 
in the pathological knee. 

a different pattern of the moment of axial rota- 
tion in the pathological knee compared with the 
normal one. 

The results present both linear and angular dis- 
placements of knee joints during the stance 
phase of horizontal walking. The linear dis- 
placements are strongly influenced by the 
errors due to the chain of measurement and 
numerical calculations, contrary to the angular 
displacements at the level of the knee joint. This 
is why this paper focuses mainly on the angular 
results. 

The comparison between the kinematic and 
dynamic results allowed us to look for a physi- 
ological link between moments and displace- 
ments. Such a link does exist in flexion, both in 
the normal and in the pathological knee. There 
is no link in abduction. There is no link in rota- 
tion in the normal knee, whereas a link exists 
in rotation in the pathological knee. ACL defi- 
ciency was shown to induce anomalies in the 
functioning of the adjacent joints (ankle and 
hip). 

The number of subjects studied (nine normal 
subjects and nine patients with ACL deficiency) 
is very low. It is not sufficient for clinical appli- 
cations. The main goal of this study was to 
test a new experimental protocol and a new 
numerical treatment so as to obtain clinically 
significant results and to make sure that ACL 
deficiency induced biomechanical anomalies. 
The results of this study incite us to pursue them 
in the form of clinical applications. The experi- 
mental protocol will be simplified so as to take 
less time, the number of trials will be reduced, 
but the initial principle which consisted in 
observing the lateral and medial epicondyles 
will be kept. A sixth camera will be added to 
facilitate the experiment. 

The software is organized in such a way that 
the series of normal subjects will be signifi- 
cantly increased. For each new subject, the 
parameters of the “mean normal subject” 
are renewed and a new mean curve and corre- 
sponding dispersions are calculated. Other tasks 
will be analyzed: climbing and descending 



stairs, rotating on a leg, effect of a prosthesis 
upon the kinematic and dynamic behaviors of 
the injured knee, the adjacent joints and the 
controlateral knee. 
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Introduction 

Only a few areas of contemporary orthopedics 
have raised as many controversies and diverg- 
ing opinions as optimal reconstruction of the 
cruciate ligaments of the knee. The annual inci- 
dence of ligament tears is 1/3,000 in the United 
States, adding up to 95,000 ruptures and 50,000 
reconstructions per year. It is, therefore, not sur- 
prising that there is a large amount of literature 
on the subject. Over the past 20 years, more than 
4,000 papers have been written, including re- 
view articles and book chapters [1]. 

Anterior cruciate ligament (ACL) rupture 
leads to symptomatic instabilities, thereby in- 
creasing the risk of recurring injuries, meniscal 
tears, and osteoarthrosis [2]. ACL reconstruc- 
tion is recommended for young, active patients, 
especially those participating in high-level 
sports or working in areas involving constant 
loading of the knees [1]. 

According to the literature, many methods for 
reconstructing ligaments seem to give good to 
excellent outcomes in the short-term, with knee 
function being quasi-normal in 75-85% of cases 
[2]. However, long-term results are rarely 
mentioned. Methods, such as Ellison transfer [3] 
or reconstruction using the medial meniscus 
for ACL reconstruction [4], were abandoned 
without close study. The lack of consensus in the 
literature on ligamentoplasties is probably due, 
at least in part, to the difficulty associated with 
evaluating treatments in a reliable and objective 
manner. According to Gillquist [2], ''we don't 
need new ACL operations, we need to know how 
good or bad the old operations are. This is espe- 
cially important now with the introduction of 
artificial ligaments and allografts. A scientific 



analysis of why things fail is very important. The 
solution to the problem of why things fail may 
not be found in a new procedure but in the failure 
of the old one". 

To evaluate knee injuries affecting joint 
stability, physicians use subjective question- 
naires (KOOS, Tegner), laxity tests which can 
be manual (Lachmann, pivot shift), or instru- 
mentation (KTIOOO, Telos). These tools measure 
displacement of the tibia with respect to the 
femur in a unidirectional manner (antero- 
posterior (A-P) translation, tibial rotation) 
when force is applied to the tibia. Their relia- 
bility for diagnostic purposes is generally 
accepted. However, their use for treatment eval- 
uation has been questioned by several authors 
[5,6]. Gillquist [2] even suggested that this 
could be the reason why many reconstruction 
methods give the same proportion of good 
and excellent outcomes. Moreover, these tools 
measure passive knee laxity in a unidirectional 
manner, while the knee has a three-dimensional 
(3D) motion. We believe that evaluating 3D 
kinematics is complementary to measuring 
passive, unidirectional laxity and that it might 
allow more objective clinical examination by 
providing a reliable representation of the func- 
tional state of the knee. At the moment, a reli- 
able and repeatable method does not exist for 
evaluating these two aspects of knee function 
in vivo. 

For the past 10 years, our research group has 
been working on the problem of precise record- 
ing of 3D knee motion. This chapter discusses 
“proof of the concept” obtained from in vitro 
studies on human cadaveric knees. In vivo 
analysis methodology and results concerning 
accuracy and repeatability of the measurements 
are also discussed. This methodology is based 



585 




586 



Biomechanics and Biomaterials in Orthopedics 



on the use of an attachment system designed to 
reduce marker movements relative to the bone, 
making it possible to record small 3D move- 
ments. In addition, a reproducible method of 
anatomical movement description is presented. 
Finally, a case study of one subject who suffered 
an isolated ACL tear is reported, showing that 
with the proposed methodology, small 3D 
kinematic variations can be measured non- 
invasively in vivo. 

Evaluating the Outcome of 
Ligament Reconstruction 

In Vitro Study: Confirming 
the Hypothesis 

As already mentioned, knowledge of the failure 
of reconstruction procedures remains limited. 
In vitro testing has been widely used to acquire 
knowledge on knee kinematics, for the develop- 
ment of new surgical reconstruction methods, 
and for the assessment of old methods. Most 
protocols employ quasi-static settings, where 
a force is applied to the tibia or the femur 
and the resulting displacement is measured 
[7-21]. These settings mainly reproduce laxity 
tests performed in clinics. Other authors inves- 
tigate knee movements in dynamic settings, 
where the knee is placed in a rig with simula- 
tion of every day life movements (descending 
stairs, rising from a chair, flexion/extension) 
generated by traction on tendons [22-40]. Rela- 
tive rotations of the tibia with respect to the 
femur are then measured. None of these studies 
have, however, investigated the effect of differ- 
ent types of ligament reconstructions with both 
biological and synthetic grafts on 3D kinematic 
parameters. This prompted us to conduct an in 
vitro study that allowed the experimental com- 
parison of two different ACL reconstruction 
procedures, using a synthetic ligament and a 
biological graft. 

The following in vitro experimental proto- 
col was performed: electromagnetic Fastrack 
sensors (Polhemus, Colchester, Vermont, USA) 
were fixed on the femur and tibia with 
aluminum screws. Personalized 3D geometric 



models were first acquired from computer 
tomography images and reconstructed with a 
reconstruction software (SliceOmatics, Tomovi- 
sion, Montreal). The movements of real bones 
were then matched to the model by means of a 
calibration procedure. Laboratory-developed 
software, using imagery and computer graphics 
coupled with numerical calculation methods, 
allowed the computation of knee kinematics: 
flexion/extension, abduction/adduction, inter- 
nal/external tibial rotation as well as A-P, 
medio-lateral (M-L), and proximo-distal (P-D) 
translation [41,42]. The use of personalized 
geometric models is an original feature of the 
protocol, since they allow precise documenta- 
tion of the reference axes used to calculate 
the 3D kinematic parameters. Kinematics were 
recorded during flexion/extension movements 
that were simulated by pulling on the quadri- 
ceps tendon. A-P translation and internal/exter- 
nal rotation of the tibia were recorded during 
manual laxity testing at different fixed knee 
flexion angles (0°, 30°, 90°) to establish a data- 
base for the comparison of our results with 
those in the literature. The experimental setup 
is shown in Figure 51.1. 

A series of experiments on 10 cadaver speci- 
mens was conducted. Two types of reconstruc- 
tions were tested. The first, called isometric 
two-tunnel reconstruction, was performed using 
two different materials: a synthetic Trevira 
ligament, pretensioned with a tensiometer at 
70 N, and a biological bone-patellar 
tendon-bone autograft, pretensioned manually. 
The second, modified “over-the-top” (OTT) 
reconstruction, was performed with a Trevira 
prosthesis, pretensioned at 70 N. The OTT tech- 
nique was modified compared to the classical 
technique described by Macintosh [43] in that 
the tibial tunnel entrance was placed dorso- 
medially (D-M) to the ACL insertion. This 
method has been proposed by Krudwig [44] to 
minimize elongation of OTT reconstructions. To 
the best of our knowledge, ours is the first study 
to compare the immediate effect of different 
types of reconstruction methods with a syn- 
thetic material versus a biological graft on 3D 
kinematics. 

The results of manual laxity testing are shown 
in Figure 51.2. ACL dissection created signifi- 
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Figure 51.2. A-P laxity at 0°, 30° and 90° of knee flexion. The stars indicate statistical differences from the intact knee (ANOVA,/? < 0.05; ACL = 
anterior cruciate ligament, BPTB = bone-patellar tendon-bone, OTT = over-the-top). 



cant (p < 0.05) A-P translation compared to the 
intact knee. Modified OTT reconstruction 
allowed A-P laxity to be restored to a level near 
that of the intact knee. The two- tunnel recon- 
structions, performed either with a prosthesis 



or a biological graft, also adequately restored 
knee A-P translation. Reconstruction with the 
synthetic ligament at 70 N pretension achieved 
the same result. No over-constraint of the knee 
could be noted at 0 and 30° of flexion, but at 90° 
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knee laxity was about 1mm less than for the 
intact knee. However, this difference was not 
statistically significant. 

The results of flexion/extension movements 
in intact, dissected, and reconstructed knees are 
presented in Figure 51.3. Average inter nal/exter- 
nal rotation is shown for 10 knee specimens. The 
curves represent the difference between the 
results obtained with the different methods and 
the intact knee. ACL dissection created signifi- 
cant internal tibial rotation of the tibia between 
60° and 90° of knee flexion. Modified OTT 
reconstruction did not restore this internal rota- 
tion, but increased it. Isometric two-tunnel 



reconstruction performed with the biological 
graft increased internal tibial rotation. When it 
was done with a Trevira prosthesis at 70 N pre- 
tension, the isometric reconstruction tended to 
force the tibia into external rotation. This was 
observed even between 0° and 60° of knee 
flexion, where no over- constraining of the knee 
could be detected by laxity measurements. 

In conclusion, this work shows that the 
measurement of 3D knee kinematics could be 
essential to assess the quality of surgical treat- 
ments of ligament ruptures. It provided 
complementary information about over- or 
under-correction generated by reconstruction 
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Figure 51.3. Differences in internal/external tibial rotation during flexion on 10 knees compared to the intact knee. External rotation is negative, 
internal rotation is positive. ACL dissection created significant internal tibial rotation between 60° and 90° of knee flexion; modified OTT reconstruc- 
tion pretensioned at 70 N significantly increased this internal tibial rotation between 30° and 90° of knee flexion; synthetic isometric (two-tunnel) 
reconstruction pretensioned at 70 N created significant external tibial rotation. The stars indicate a statistical difference from the intact knee (refer- 
ence 0 line) (ANOVA,/? < 0.05). 




Three-dimensional Kinematic Assessment of Ligament Rupture and Surgery 



589 



in vitro, which was not seen by laxity measure- 
ments. We also showed that no ACL reconstruc- 
tion, whether anatomical or functional, using 
synthetic or biological material, was able to 
restore all aspects of cadaveric knee function 
evaluated here, namely, A-P laxity, and 3D 
kinematics. 

In Vivo Study: a Precise and Repeatable 
Measure of 3D Kinematics 

Sophisticated methods exist to measure the 
functional state of the knee in a dynamic 
manner. Tools are in use today which can 
measure step frequency and stride length as well 
as angles in the sagittal plane (hip, knee, and 
ankle flexion/extension), angular velocity, and 
acceleration, using markers positioned on the 
skin. However, these methods are not precise 
enough to allow the measurement of small 
angles such as abduction/adduction, and inter- 
nal/external tibial rotation. Small displacements 
are tainted by the noise caused by soft-tissue 
movements relative to the bones [45,46]. Some 
authors [47] have dealt with the problem of skin 



movement by inserting cortical pins into the 
bones. With this method, they were able to pre- 
cisely measure angles in the frontal and trans- 
verse planes during gait. However, such methods 
cannot be widely used in a clinical environment. 

Reducing Sensor Movements 

Sati et al. [48] described an attachment system 
(Figure 51.4) on which markers can be installed. 
This system was designed to minimize marker 
movements relative to the bones. The femoral 
part of the attachment system consists of an 
arch that is fixed onto the femur by means of a 
vertical bar and three orthoplasts. The lateral 
orthoplast is positioned in the groove between 
the ilio-tibial band and the biceps femoris 
tendon, just above the posterior lateral condyle, 
while the medial orthoplast is positioned in the 
groove between the medial adductor magnus 
tendon and anterior to the sartorius tendon, just 
above the posterior medial condyle. The third 
orthoplast is positioned on the posterior medial 
condyle, more specifically on the adductor 
tubercle. The vertical bar is fixed with a Velcro 
strap to the proximal part of the thigh. The 
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Figure 51.4. Attachment system (developed after the original work of Sati et al. [48] (left: femoral part; right: tibial part) (patent pending). 
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lateral and medial orthoplasts, which sit on 
top of the posterior condyles, contain a spring 
mechanism that allows the absorption of lat- 
eral expansion of knee soft tissues during 
movements. This system improves the subject’s 
comfort and accuracy by preventing deforma- 
tion of the harness. The tibial part consists of a 
vertical bar fixed with two Velcro straps on the 
anterior aspect of the tibia. The whole system is 
reversible and fits the right or left knee. Recent 
design improvements minimize the size of the 
medial side of the femoral attachment system to 
improve comfort during gait. 

A fluoroscopic study was performed to ensure 
that the femoral part of the attachment system 
effectively reduces marker movements with 
respect to the underlying bone. We supposed 
that the tibial part of the attachment system did 
not move significantly, because the soft tissue in 
the area under the vertical bar is basically 
limited to the skin. The method was initially 
proposed by Sati et al. [46,48] and then used by 
Ganjikia et al. [49] with a refined version of the 
attachment system. It consists of estimating 
the 3D movement of markers relative to the 
underlying bone from 2D calibrated projections 
obtained by fluoroscopy. 

Four healthy volunteers participated in the 
fluoroscopic study [49], and two different set- 
tings were considered. The first setting con- 
sisted of placing markers directly on the skin, on 
the lateral and medial sides of the knee. For the 
second setting, the markers were placed on 
the attachment system which was installed on 
the subject’s knee. For both settings, each 
subject went through 3-4 flexion-extension 
cycles between 0° and approximately 60° of knee 
flexion while fluoroscopic images were recorded 
in the sagittal plane. Magnification factors were 
taken into account by using two radio-opaque 
rulers positioned on the subject’s knee. The geo- 
metric parameters of bone angulations were 
then calculated with the method described by 
Sati et al. [46,48]. 

On the lateral side of the knee, movements of 
the markers in the sagittal plane were reduced 
from 14.1 ± 5.3 mm when they were placed 
directly on the skin, to 4.5 ± 1.6 mm when they 
were placed on the attachment system (mean 
factor of 3.2; min: 2.2, max: 5.2). Rotations of the 



markers about the longitudinal axis of the 
femur decreased from 3.6° ± 1.8° to 1.5° ± 0.7° 
(mean factor of 2.4; min: 1.7, max: 3.3). Rota- 
tions about the axis normal to the frontal plane 
decreased from 7.0° ± 3.0° to 2.0° ± 0.8° (mean 
factor of 3.6; min: 2.1, max: 5.7). 

On the medial side of the knee, movements of 
the markers in the sagittal plane were reduced 
from 10.5° ± 4.8° to 4.0° ± 2.3° (mean factor of 
6.9, min: 1.7, max: 26). Rotations of the markers 
about the longitudinal axis of the femur were 
decreased from 2.3° ± 0.9° to 1.7° ± 1.1° (mean 
factor of 5.1; min: 0.8, max: 21). Rotations about 
the axis normal to the frontal plane decreased 
from 5.4° ± 3.0° to 1.3° ± 0.9° (mean factor of 7.8; 
min: 2.4, max: 26.4). 

The results of the fluoroscopic study show 
that the attachment system reduces marker 
movements relative to the bone, compared to 
when the markers are positioned directly on the 
skin. Using the attachment system, we are thus 
able to record 3D kinematics with a precision of 
1.3° in abduction/adduction and 1.7° in inter- 
nal/external tibial rotation. 

Movement Representation 

Euler Angles Versus Helical Axis Definition 

After a movement has been measured pre- 
cisely and reliably, it is necessary to represent 
it in a meaningful way. The knee is not a 
hinge, and movement about that joint does 
not occur in a 2D plane. Therefore, it is dif- 
ficult to represent knee kinematics. Typically, 
two methods are used to study 3D kinematics 
of the knee: Euler angles [50], and helical 
axes [51]. 

Even though the knee is not gyroscopic, the 
Euler angle method is the most widely 
employed. With this method, it is possible to 
describe a 3D movement as three successive 
rotations about three different axes defined in 
space. It is then possible to represent these rota- 
tions with respect to each other, for example, 
abduction/adduction or internal/external tibial 
rotation versus flexion. These axes can be fixed 
or floating, and represented locally or globally. 
The major advantage of this method is that it is 
easier to interpret the results clinically with 
anatomical descriptions of movements. With 
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this method, it is also possible to compute A-P, 
P-D, and M-L translations. 

However, the main disadvantage of the Euler 
angle method is that it is very sensitive to 
anatomical reference axes definition. Small 
errors (1-2 mm in the definition of points used 
to build the coordinate system) cause errors in 
orientation as well as in kinematic amplitude to 
the order of 2°. When coordinate systems are 
built on subjects, errors in landmark definition 
can be to the order of 30 mm. These large errors 
make it difficult, even impossible, to compare 
the results [52,53]. Also, it is not clear if differ- 
ent bone geometries generate various kinematic 
patterns. For this reason, we do not know the 3D 
kinematics of the normal knee. Each knee has a 
kinematic representation associated with a 
given local coordinate system. 

The helical axes method [51] uses the 3D 
position of each bone to describe the movement 
of the knee between two moments in time as a 
unique rotation and a unique translation about 
a finite rotation axis. Therefore, when employ- 
ing this method to describe knee kinematics, we 
need to define the time period during which we 
want to express the rotation and translation of 
one bone with respect to the other. The main 
advantage of this method is that it is indepen- 
dent of an anatomical coordinate system defin- 
ition. However, it is more difficult to interpret 
the results in a clinical fashion. Also, the method 
is sensitive to noise in the measurement and to 
the time period used for computation of the 
finite rotation axis. 

We chose to represent knee movements with 
Euler angles to obtain clinical interpretations. 
We thus needed to define anatomical coordinate 
systems associated with the femur and tibia. To 
improve accuracy and repeatability, most inves- 
tigators use X-rays to build coordinate systems. 
This involves radiation for the subject and is not 
practical because of the need to have access to 
radiological equipment and to a technician. 

Landmark Definition 

When X-rays are not used, anatomical land- 
marks can be defined by a pointer or by stick- 
ing markers directly on them. This technique 
generates errors to the order of many mm or 
even a few cm. 



To diminish imprecision when building coor- 
dinate systems, we have developed a method 
with an original feature that uses less anatomi- 
cal landmarks to define the reference coordinate 
system than other methods in the literature 
[54]. To define axes orientation, we employ land- 
marks that are easy to identify (malleoli, centre 
of the femoral head). 

To build coordinate systems associated with 
the femur and tibia, the positions of the fol- 
lowing anatomical landmarks are needed with 
respect to markers fixed to the attachment 
system: center of the femoral head, malleoli, and 
femoral condyles. For definition of the location 
of the center of the femoral head, we chose a 
functional method to avoid having to locate 
the antero-superior and postero-superior iliac 
spines, since these anatomical landmarks can 
potentially generate large errors. This method 
consists of recording femur movement relative 
to the pelvis during leg circling. A rigid body 
with four infrared light-emitting diodes is 
placed on the pelvis to record its movement. 
Next, an Optotrak pointer records the position 
of the other landmarks: lateral and medial 
malleoli and femoral condyles. 

Axes Construction 

Employing the position of the femoral condyles, 
it is possible to compute the 3D position of the 
knee center. The center is calculated at mean 
distance on the line joining both centers of the 
femoral condyles. The femoral and tibial y-axes 
are defined by the femoral head, knee centre, 
and inter-malleoli positions. 

The z- and x-axes of each bone are localized 
in the transverse and sagittal planes, respec- 
tively. The three anatomical planes are defined 
by positioning the subject in a standing position 
with his/her back against a wall. The subject, 
while leaning against the wall, performs small 
flexion/extension movements. The instant the 
knee is in full extension (flexion = 0°) is then 
defined. At that time, the femoral and tibial y- 
axes are localized in the sagittal plane. The 
femoral and tibial x-axes are thus defined as 
parallel to the sagittal plane and normal to the 
y-axes. The z-axes are then defined by complet- 
ing the right-handed coordinate systems. Figure 
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Figure 51.5. Coordinate axes construction using femoral condyles, 
malleoli (gray dots), and a functional method for definition of the center 
of the femoral head and the center of the knee (black dots). 



51.5 is a representation of the coordinate axes 
constructed with our method. 

Inter- and Intra-tester Variability 

To test inter- and intra-tester variability for the 
calibration procedure, the following protocol 
was performed. The attachment system was 
first installed on each subject. Three testers 
performed the above-described calibration 
procedure on four subjects. Each tester repeated 
the procedure five times. Then, the subjects 
walked on a treadmill at a comfortable speed 
for three minutes, and finally, 30 gait cycles 
were recorded. The mean of these 30 cycles was 
used to compute the kinematic parameters 
(flexion/extension, abduction/adduction, and 
internal/external rotation of the tibia as well as 
A-P translation as a function of percentage of 
the gait cycle) in association with the 15 cali- 
bration procedures. The resulting 15 curves 
were compared for each subject using an 
adjusted coefficient of multiple determinations 
[55]. Table 51.1 shows the results of inter- and 
intra-tester variability. Figure 51.6 presents an 
example of the kinematic parameters calculated 
with five calibration procedures performed by 
one tester on one subject. 

The results show that the calibration method 
allows the measurement of 3D knee kinematics 



Table 51 .1 . Inter- and intra-tester variability of the calibration procedure 



Subject 


Kinematic parameter 


Tester #1 

(intra-tester 

variability) 


Tester #2 

(intra-tester 

variability) 


Tester #3 

(intra-tester 

variability) 


Testers #1,2,3 

(inter-tester 

variability) 


Subject #1 


Flexion/extension 


0.96 


0.99 


0.99 


0.98 




Ab/adduction 


0.87 


0.96 


0.95 


0.85 




Int/ext tibial rotation 


0.79 


0.97 


0.89 


0.78 




A-P translation 


0.86 


0.76 


0.89 


0.73 


Subject #2 


Flexion/extension 


0.99 


0.99 


0.98 


0.99 




Ab/adduction 


0.91 


0.95 


0.88 


0.90 




Int/ext tibial rotation 


0.82 


0.78 


0.81 


0.81 




A-P translation 


0.85 


0.94 


0.78 


0.80 


Subjert #3 


Flexion/extension 


0.99 


0.99 


0.99 


0.99 




Ab/adduaion 


0.42 


0.80 


0.82 


0.63 




int/ext tibial rotation 


0.88 


0.88 


0.89 


0.88 




A-P translation 


0.52 


0.89 


0.67 


0.34 


Subject #4 


Flexion/extension 


0.99 


0.99 


0.99 


0.99 




Ab/adduction 


0.93 


0.92 


0.97 


0.94 




Int/ext tibial rotation 


0.97 


0.94 


0.96 


0.97 




A-P translation 


0.77 


0.92 


0.77 


0.58 



A-P = anlero-postefiof. Int/ext = intemaiyextemal. 
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Figure 51.6. Example of kinematic parameters calculated with five calibration procedures performed by one tester on one subject. Abduction is 
negative and internal rotation is negative. Each curve corresponds to one trial. 



with good reproducibility. Mean errors gener- 
ated by the calibration procedure are 1.1° in 
flexion/extension, 1.1° in abduction/adduction, 
0.8° in internal/external tibial rotation, and 
2.6 mm in A-P translation. 

Between-day Variability 

One of the conventions used in the calibration 
method described above consists of aligning the 
femoral and tibial y-axes when the knee is in full 
extension. When an extension deficit occurs 
after a knee injury, large errors are introduced 
in the definition of the knee’s position at zero 
flexion. In that case, another calibration can be 
used, either from the contralateral knee or from 
the same knee once it is able to achieve full 
extension again. However, reinstallation of the 
system alone also introduces reproducibility 
errors. This has been estimated in another series 
of tests, using the same calibration procedure 
for five different installations on subjects. Figure 
51.7 gives an example of the variability of the 



kinematic parameters for one subject. The stan- 
dard deviation generated was 4.5° in flexion/ 
extension, 2.6° in adduction/abduction, and 5.3° 
in internal/external tibial rotation. 

Case Study 

One of the healthy subjects recorded during the 
variability protocol unfortunately had a football 
accident a few weeks after the first assessment 
of his intact knee. Arthroscopic evaluation 
diagnosed an ACL rupture associated with 
intra-articular osteochondral fragments. These 
fragments were blocking the knee in 20° flexion, 
putting us in the very situation where a new 
calibration procedure would be error-prone. 

We assessed the knee of this subject after 
injury and before arthroscopy using the method 
described above. Since the subject could not 
extend his knee past 20° flexion, we defined the 
reference axes after the injury using the cali- 
bration method performed at the first testing 






594 



Biomechanics and Biomateriais in Orthopedics 





Figure 51.7. Example of variability of the kinematic parameters for five installations of the attachment system with one calibration procedure. 
Abduction is negative, internal rotation is negative. Black line; Initial installation and calibration. Gray line: individual trials after reinstallation using 
initial calibration. 



when the knee was intact. Testing was repeated 
once on another day. The results are presented 
in Figure 51.8. The kinematic curves show a 
flexion deficit during gait of about 20° compared 
to the non-injured state of the same knee. 
Abduction was also affected. Finally, an increase 
of internal rotation was observed. Interest- 
ingly, these changes were also observed in the 
in vitro experiment, where isolated dissection 
of the ACL increased internal tibial rotation. 
All observed changes were greater than the 
mean standard deviation (cj) generated by re- 
installation of the attachment system on the 
same subject. 

General Discussion 

ACL reconstruction has raised much contro- 
versy and has been the subject of a great deal of 
in vitro and in vivo study. No general consensus 



has been reached concerning its optimal 
treatment. The ACL can be reconstructed iso- 
metrically or by a non- anatomical OTT route. 
Presently, the tools of choice for the assessment 
of such reconstructions, either in vitro or in 
vivo, are instrumented arthrometers. However, 
arthrometers do not evaluate knee function, 
they merely give a measure of knee laxity. 
Reliable and precise assessment of ligamentous 
pathologies and treatment is the key for improv- 
ing surgical reconstructions. However, despite 
extensive research on this topic, little is known 
about the effect of ligament surgeries on knee 
function. This is particularly highlighted by the 
growing number of procedures arising every 
year in the literature. The consistently good and 
excellent results reported over a short period of 
time, followed by abandonment of these very 
techniques, indicate the need for a more sys- 
tematic approach to the development of new 
procedures. 
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Figure 51 .8. Variation of kinematic parameters of a subject before and after ACL rupture. Abduction is negative, internal rotation is negative. Black 
line: Pre-injured state (Mean). Gray dotted line: Mean curve ± standard deviation (cfj. Black dotted line: Post-injury {mean of two trials). 



In this chapter, we presented a general 
methodology for objective and reliable assess- 
ment of knee function. Our main hypothesis 
is that to properly assess knee function, we 
not only need to measure knee laxity, but 
also its 3D movement. To confirm this hypo- 
thesis, we first conducted an in vitro study. 
Several authors have done so before, but, to 
our knowledge, none compared the effect of 
different reconstruction procedures on laxity 
and 3D kinematic measurements. Fleming et al. 
[56] compared knee laxity after isometric and 
OTT reconstructions, both performed with 
the same tibial tunnel. Their results indicate 
that when the knee flexes, OTT reconstruction 
does not restore initial knee laxity (under- 
constraining of the knee). Melby et al. [57] have 
shown, on cadaver knees, that OTT reconstruc- 
tion, pretensioned at 30° of knee flexion, is as 
efficient in restoring knee laxity as isometric 
reconstruction, even for higher knee flexion 



angles. Nevertheless, another study, conducted 
by Gertel et al. [14], evaluated the effect of pre- 
tensioning on knee laxity and demonstrated 
that if pretension was applied with the knee in 
flexion (30°), over-constraining of the knee 
occurs. It seems, therefore, that classical OTT 
placement, with a tibial tunnel in the center 
of anatomical attachment of the ACL, would 
either under-constrain the knee if pretension 
is applied in extension, or over-constrain it if 
pretension is applied in flexion. A cadaveric 
study on the effect on 3D knee kinematics of 
isometric or OTT reconstructions of the ACL 
conducted by Cood et al. [28] with synthetic 
grafts confirmed this fact. For that reason, we 
evaluated D-M placement of the graft for 
OTT reconstruction, thereby showing that laxity 
is restored to nearly normal values without 
creating non-physiological kinematic curves. 
It appears, however, that this reconstruction 
is not able to correct internal tibial rotation 
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created by ACL dissection. Moreover, isometric 
reconstruction induced non-physiological ex- 
ternal tibial rotation, as already noted by other 
research groups such as Good et al. [28] and Van 
Heerwaarden [58]. 

Therefore, it appears not only that no recon- 
struction procedure seems able to restore laxity 
and 3D kinematics, but also that 3D knee kine- 
matics could provide useful measurement for 
better assessment of knee function. Quantitative 
gait analysis is now recognized as a valuable 
tool in the objective evaluation of treatment of 
injuries affecting gait [59]. However, when liga- 
ment injuries occur, gait variations are very 
small, and the recording of rotations in only the 
sagittal planes might be insufficient. In fact, 
recording of small rotations in the frontal and 
transverse plane could provide useful informa- 
tion for the assessment of surgical treatment of 
ligament injuries. 

Nevertheless, in vivo measurement of small 
rotations of the knee in the frontal and trans- 
verse planes is a difficult task. Because of the use 
of different coordinate systems, it is impossible 
to compare numerical values among different 
gait studies. Also, even with recent experimen- 
tal protocols [60], it is difficult to measure small 
angles in the frontal and transverse planes (as 
ab/adduction and internal/external tibial rota- 
tion) with good precision and reproducibility. 
This is due to the fact that bone movements are 
tainted by the noise of soft tissue movements. 
Reinschmidt et al. [45] compared knee rotations 
in subjects whose kinematics were recorded via 
skin markers and bone pins inserted into the 
femur and tibia. They showed that average 
errors during running due to skin movements 
were about 21% for flexion/extension, 63% for 
internal/external tibial rotation, and 70% for 
abduction/adduction. Cappozzo et al. [61] esti- 
mated these errors roughly at 10, 50, and 100% 
respectively. Since bone pins are not a solution 
that can be used in clinics on a routine basis, we 
chose an external attachment system aiming at 
reduction of errors associated with skin move- 
ment. The results of the fluoroscopy study show 
that the attachment system is effective in reduc- 
ing errors due to skin movements by 3.2 on the 
lateral side and 6.9 on the medial side of the 
knee. 



However, even if it is now possible to record 
knee rotations in the frontal and transverse 
plane with good precision, the representation 
of these rotations remains another challenge. 
In fact, as already noted, if a local coordinate 
system is defined on the bones, small errors in 
the positioning of these axes generate large 
errors in rotation calculations [52,58]. 

Among anatomical landmarks used to define 
a reference coordinate system on the femur and 
tibia, the center of the femoral head, used to 
determine the longitudinal axis of the femur, is 
one of the most difficult to assess. Basically, 
two methods estimate the position of the femo- 
ral head. Predictive methods [62-67] compute 
the position of anatomical landmarks and inte- 
grate them in regression equations. “Func- 
tional” methods estimate the position of the 
femoral head [54,68] by evaluating the motion 
of the femur relative to the pelvis during leg 
circling. 

In 1990, Bell et al. [64] proposed a predictive 
method based on Tylkowski’s [67], generating 
errors of 19.0 mm. They compared this result to 
those obtained with the functional method for 
which they found errors of 37.9 mm, and to 
Andriacchi’s method [62,63] for which they 
noted errors of 36.1mm. According to us, the 
large errors occurring with the functional 
method as tested by Bell et al. [64] are due to the 
fact that only one marker was installed on the 
lateral femoral condyle to follow the motion of 
the thigh, instead of using a four-marker rigid 
body to get its 3D motion. This generates 
large acquisition errors. Also, the small error 
obtained with the predictive method they devel- 
oped based on Tylkowski’s [67] might be due to 
the fact that they tested it on the same subjects 
they used to compute the coefficient in the 
regression equations. 

Later, in 1999, Leardini et al. [68] compared 
two predictive methods with the functional 
method. They found that the functional method 
estimates the position of the femoral head 
within 11.8 mm, while the predictive methods 
suggested by Bell et al. [64] and Davis et al. [65] 
provided results within 23.3 mm and 29.1mm, 
respectively. For this reason, we preferred a 
functional definition of the center of the femoral 
head. 
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In the literature, the reproducibility of com- 
plete calibration methods without the use of 
X-rays is rarely assessed. One study, performed 
by Kadaba et al. [59], evaluated reproducibility 
of a calibration method where they recorded 
40 subjects three times in the same day and 
on three different days, one week apart. They 
showed that joint angle motion measure- 
ments in the frontal and transverse planes dis- 
play poor between-day repeatability (0.611 and 
0.783 for the left and right knees respectively 
for varus/valgus movement and 0.490 and 0.534 
for the left and right knees respectively for 
tibial rotation movement). The authors imputed 
these variations to the difficulty in positioning 
anatomical markers in a reproducible way 
between days. 

We developed a method, presented in this 
chapter, where as few anatomical landmarks as 
possible are used to define the coordinate 
system. The landmarks are generally easy to 
identify. We demonstrated, by a variability study 
on four subjects, that this method provides 
acceptable reproducibility, when performed 
several times on different subjects by three 
different testers. In fact, we have evaluated 
mean inter-observer variability of the whole 
calibration method on four subjects with 
five different calibration procedures at 0.98 for 
the calculation of flexion/extension angle, 0.83 
for the ab/adduction angle, 0.86 for the inter- 
nal/external tibial rotation angle, and 0.61 for 
A-P translation (adjusted coefficient of multiple 
determinations). Errors that can be generated 
by the calibration procedure alone are 1.1° in 
flexion/extension (2% of the amplitude), 1.1° 
in abduction (8% of the amplitude), and 0.8° 
in internal/external rotation (8% of the am- 
plitude). These errors are increased when the 
patient cannot reach full extension and a previ- 
ous calibration is used. Maximally, errors can 
reach 4.5° in flexion/extension (7% of the ampli- 
tude), 2.6° in abduction/adduction (26% of the 
amplitude), and 5.3° in internal/external rota- 
tion (35% of the amplitude). 

The recording of the same subject’s knee 
before and after ligament injury is generally not 
possible. Although we are aware of the limita- 
tions of experiments on one single patient, the 
case study presented here suggests, however. 



that the methodology proposed could allow us 
to record small gait variations in the frontal and 
transverse plane after ligament rupture. The 
absolute values of the kinematic curves in the 
frontal and transverse planes presented in this 
chapter cannot directly be compared to those 
found in the literature, where bone pins were 
used to record bone movements [47] because of 
different axes definitions. However, it should be 
noted that the subject presented here displayed 
external tibial rotation during the swing phase 
that appears later in the gait cycle than what 
was observed for other subjects in our study 
(Figures 51.6 and 51.7) and by Lafortune et al. 
[47]. This could have been due in part to an 
asymmetry of hip flexibility that was clinically 
assessed on this patient by a physiatrist. It is 
possible that such asymmetry could have an 
impact on knee rotation during gait. The 
recording of a large number of patients will be 
necessary to define “normal” and pathologic 
gaits in the frontal and sagittal planes. 

The methodology proposed here, combining 
precise recording of bone movements through 
a specially designed attachment system with a 
reproducible method for the definition of an 
anatomical reference system, provides a precise 
tool for kinematic evaluation, which can im- 
prove the quality of clinical assessment. Once 
validated on a wider scale, this tool will be 
helpful for the evaluation of different treatment 
methods, particularly in the field of ligamento- 
plasties. 
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Introduction 

The European Society for Biomaterials defines a 
biomaterial as “a material that interacts with the 
biological systems to evaluate, treat, reinforce, or 
replace a tissue, organ, or function of the organ- 
ism” and the biocompatibility as “the ability of a 
material to perform with an appropriate host 
response in a specific application” [1]. Biocom- 
patibility of a biomaterial is tested by in vitro 
screening, in vivo testing, and clinical monitor- 
ing; each step evaluates the biological response 
in different conditions. In vivo, a few seconds 
after the implantation, the biomaterial is rapidly 
adsorbed by proteins, whose quantity and orga- 
nization depend on the characteristics of the 
biomaterial, such as chemical composition of 
the bulk and surface, surface geometry, chemi- 
cal and physical properties, and the properties 
of the proteins [2]. The host cells contact the 
protein layer [3]; in total joint replacements, 
bone cells growing on the prosthetic surface 
determine an “osseointegration” [4], fibrous 
cells a “fibrous fixation”. 

The biological response to wear particles 
(polyethylene, polymethylmethacrylate, metals, 
and corrosion products) is defined as bioreac- 
tivity; its major determinants are the particle 
size, concentration, surface chemical composi- 
tion, surface energy, surface charge, surface 
roughness, particle shape, and nature of 
adsorbed proteins [5]; genetics might have an 
influence in determining the biological 
response. In periprosthetic bone, wear particles 
are responsible for osteolysis due to increased 
bone resorption and reduced bone formation (it 
was demonstrated that osteoblast cell lines 
exposed to Ti debris have a down-regulated 



expression of collagen precursors). Some metal 
particles, produced by degradation and wear, 
are able to accumulate in the periprosthetic 
tissues and enter into the bloodstream, and can 
be responsible for chromosomal damage and 
development of cancer. Genotoxicity or muta- 
genicity, and/or carcinogenicity were demon- 
strated in experimental studies with CoCr alloys 
[6]. The carcinogenic ability of Cr is widely 
described, particularly by epidemiological 
studies concerning the association of exposure 
to chromate particles and the incidence of nasal 
and lung cancer. Nickel is demonstrated to be 
genotoxic in vitro and carcinogenetic in vivo 
(lung and ethmoidal bone). The question if such 
metal biomaterials can be responsible for an 
increased risk of local and remote neoplasm in 
patients with joint replacement is open. Up to 
now, the incidence of local neoplasm at the site 
of the implant is negligible and no clear answer 
exists concerning the incidence of remote neo- 
plasm. A slight increase of lymphatic and 
hemopoietic tumors in patients with a hip pros- 
thesis was demonstrated [7], but an increased 
risk in patients with hip replacement was never 
demonstrated [6,8]. Genetic changes in 
blood lymphocytes were found at the time of 
revision arthroplasty and were related to metal 
composition [9]. Further investigations are 
mandatory to understand how the prosthetic 
biomaterials work in the body and how neo- 
plasms develop. 

The products of metal corrosion or degrada- 
tion can either act as haptens, bindings to 
protein carriers, or as adjutants, forming 
insoluble complexes with the antigens [10], ini- 
tiating an immune response. Hypersensitivity 
reactions have been reported to be more fre- 
quent with stainless steel or cobalt alloy than 
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with titanium alloy; hypersensitivity to poly- 
methylmethacrylate was found to be 50% in 
failed total hip implants. It was suggested that in 
some previously sensitized patients, corrosion 
products could behave like haptens, and the 
complex may stimulate memory lymphocytes, 
initiating an inflammatory process [10]. 

Ultra-high-molecular-weight 
Polyethylene (UHMWPE) 

A macromolecular chain of PE is represented by 
the formula (CH 2 -CH 2 )n. The word polyethylene 
is used in reference to quite a few polymeric 
materials, all of which are characterized by 
the same structural unit, but having chains of 
different lengths, different space arrangements, 
and different chain imperfections. 

The commercial polyethylenes are: Low- 
density Polyethylene (LDPE), High-density 
Polyethylene (HDPE), and in the group of 
HDPE, High-molecular-weight Polyethylene 
(HMWPE) with molecular mass in the range 
500,000-1,000,000 amu (atomic mass unit) 
and Ultra-high-molecular-weight Polyethylene 
(UHMWPE) with a molecular mass of more 
than 1,000,000 amu (Table 52.1). 

In total joint replacements UHMWPE is used 
owing to its excellent abrasion properties, its 
very good mechanical properties, and its good 
bio compatibility. In prosthetic fields, UHMWPE 
can have different starting characteristics, 
whether chemical-physical or mechanical: with 
an exception for the density, there are no limits 



for the other characteristics. Determination of 
the characteristics of prosthetic UHMWPE, 
according to standard ASTM F 648-98 [11], is 
carried out on the original material, before 
processing and before sterilization. 

UHMWPE powder from the polymerization 
plant is processed according to two techniques, 
both using high pressure and controlled heating 
and cooling cycles: compression molding and 
ram extrusion. Compression molding can be 
carried out in two ways: one directly produces 
the finished product by sintering the powder 
into its final shape; the second one compresses 
the melted powder into large sheets; rectangu- 
lar sectioned bars are cut out of the sheet and 
then machined to obtain the finished prosthetic 
component. Ram extrusion of the melted 
powder produces circular sectioned bars, which 
are then mechanically processed to obtain the 
finished prosthetic component. The very high 
viscosity of melted UHMWPE may hinder a 
perfect compaction of the polymer powder: 
defects or preparation voids may be formed; 
these defects could have some influence on the 
tribological behavior of UHMWPE [12]. 

Both production techniques, i.e., ram extru- 
sion and compression molding, do not signifi- 
cantly modify chemical, physical, and structural 
characteristics of the starting polymer; there- 
fore prosthetic components, ready to be steril- 
ized, do not differ from the starting material of 
which they still possess all properties. 

The main sterilization processes used nowa- 
days employ ethylene oxide and high-energy 
radiation, i.e., gamma radiation and, more 
recently, electron beams. Sterilization by steam 



Table 52.1 . Properties of different types of PE.The characteristics of UHMWPE, required for use in orthopedics, are those stated in Standard ASTM 
F 648-98 



Properties (Unit) 


ASTM standard used 


HDPE 


LDPE 


Orthopedic UHMWPE 


Molecular mass (Amu) 




50,000-300,000 


50,000-200,000 


>2,000,000 


Crystallinity (%) 


From density data 


60-75 


40-55 


50-60 


Density (g/cc) 


D-792 


0.945-0.965 


0.91-0.930 


0.927-0.944 


Melting Point (X) 




128-137 


105-115 


125-145 


Tensile yield strength (MPa) 


D638 


15-35 


6-11 


>19(19-23) 


Elastic modulus (MPa) 


D638 


400-1,500 


100-500 




Ultimate tensile strength (MPa) 


D638 


18-40 


7-16 


>27 


Elongation to breakpoint 


D638 


40-1,000 


50-800 


>300% 


Under load deformation 


D6217MPa,24hrs 






2% after 90 min 


Shore D hardness 


D2240 


60-70 




60 


Abrasion resistance (mg/cycle) 


F-510-81 


2-5 


10-15 
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is not feasible since the required temperatures, 
about 135 °C, could result in dimensional mod- 
ifications of the liners. Ethylene oxide (EtO) 
sterilizes UHMWPE components closed in 
gas-permeable packages; the treatment is con- 
tinued for as long as is necessary for the gas 
to diffuse inside the containers; the packages 
are then left under vacuum for the time required 
for complete elimination of the EtO. Prosthetic 
UHMWPE components sterilized in EtO do not 
undergo any variation of chemical and physical 
structure. 

Gamma radiations are emitted during decay 
of a ^°Co unstable nucleus. The dose absorbed 
by the material during sterilization is about 
25-30 kGy and depends upon the geometry of 
the sample and upon its position in relation 
with the source. The electron beam is produced 
by thermally exciting a tungsten filament; 
electrons are accelerated by electric fields up 
to lOMeV and then conveyed onto the material 
to be sterilized. The advantages of this method 
are the fairly easy control of the apparatus and 
the very short period of treatment (seconds). 

When UHMWPE is exposed to an energy 
stronger than that which links the atoms of the 
polymeric chain, e.g., high-energy radiation 
(ultraviolet and gamma rays. X-rays, electron 
beam), heat, strong mechanical stress, and so 
on, some bonds split, and free radicals are 
formed. If even only one C-C link of the 
UHMWPE polymer chain breaks and two radi- 
cals CH 2 are formed, the length of the chain and, 
as a consequence, the molecular mass decrease; 
consequently, some of its chemico-physical 
characteristics begin to worsen. This process is 
called degradation; if oxygen is present when 
the degradation process occurs, it is called 
oxidative degradation or, more simply, oxida- 
tion. Oxygen may be either atmospheric, namely 
present in the sterilization environment, or 
absorbed on the surface of the polymer, or even 
oxygen penetrated by diffusion into the 
polymer during processing and storage, or 
during in vivo service. 

Oxidation is a series of reactions involving 
free radicals; once the oxidation process has 
been started, it cannot be interrupted, and its 
rate increases continuously (Figure 52.1). The 
oxidative process, whose extent depends on the 



ketones, alcohols, esters and carboxylic acids 



Energy 



Reaction 3 



CH2— CH — CH2 — 
O— OH 




Figure 52.1 . Reactions in the process of oxidation. 



number of radicals formed during sterilization 
and on the amount of oxygen in the polymer, 
can continue during storage and in vivo implan- 
tation. The distribution of oxidative products in 
the prosthetic component is a function of the 
rate at which gamma radiations have been sup- 
plied, of the temperature of the sterilization 
room, of the amount of oxygen present in the 
polymer at the time of irradiation, and of the 
amount of oxygen that can diffuse afterwards 
[13]. Looking at a section of some new or 
retrieved UHMWPE prosthetic components, a 
white halo, known as the crown effect or white 
bandy can sometimes be seen: it is the macro- 
scopic demonstration of oxidative degradation 
due to gamma ray sterilization in air. This zone, 
due to oxidation, has a very consistent molecu- 
lar mass decreasing with respect to that of the 
starting material. UHMWPE components with a 
crown effect have very low mechanical proper- 
ties, resulting in wear, delamination, and frac- 
ture during service in vivo [14]. 

Whereas polyethylene wear due to steriliza- 
tion is a problem that has been solved [15], 
abrasion and production of abraded particles 
remains a problem: debris is able to initiate an 
inflammatory reaction and periprosthetic oste- 
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olysis [5]. Abrasion is particle loss due to fric- 
tion caused by the reciprocal movement of the 
loaded articulate surfaces: for equal mechanical 
stress, material and interface, it is a function 
of time. To increase the abrasion resistance, 
newly cross-linked UHMWPE products are 
being studied. The cross-linking process links 
polymer chains by means of a chemical bond; as 
a consequence, the molecular mass increases (at 
the end of the process there is one molecule 
with infinite molecular mass). In comparison to 
original UHMWPE, cross-linked UHMWPE 
shows better abrasion resistance and deteriora- 
tion of some mechanical properties [16], owing 
to chemical and physical modifications induced 
by irradiation and heat treatment. 

Industrially, for total joint replacements, 
cross-linking is carried out by irradiation with 
high-energy radiation, i.e., gamma radiation or 
electron beam, at a dose between 60 and 100 kGy 
at room temperature or at molded state; 
residual radicals are eliminated by heat treat- 
ment (at high temperature for a short time or at 
low temperature for a longer time) [17]. Due to 
different cross-linking processes, the new cross- 
linked UHMWPE is very different; whereas 
normal UHMWPE always has standard proper- 
ties and maintains them if processed and steril- 
ized in adequate ways, the actual commercial, 
cross-linked UHMWPE is very different, with 
highly variable properties. The behavior of 
these new products is under evaluation. 

Recently, it was demonstrated that in 
UHMWPE prosthetic components, adsorption 
and deep diffusion of organic molecules present 
in the synovial liquid occur during service in 
vivo; the diffused molecules are cholesterol, 
esters of cholesterol, squalene, p carotene [18]. 
This diffusion explains the yellowish color in 
some retrieved components; its relationship 
with mechanical resistance and behavior in vivo 
is under evaluation. 

Poly(Methylmethacrylate), 
the Orthopaedic Cement 

Orthopedic cement is basically poly(methyl- 
methacrylate) (PMMA) obtained by polymeriz- 



ing the methyl methacrylate monomer (MMA) 
[19,20]. It is usually supplied in two separate 
packages: a brown-colored vial containing 
about 20 ml of transparent liquid, and one 
package or two containing 40 g of powder. The 
liquid contains MMA, usually N,N dimethyl- 
p-toluidine (DMPT) to accelerate the poly- 
merization process, and traces of hydroquinone 
to avoid premature polymerization of the 
monomer. The powder is formed by pre-syn- 
thesized PMMA (at times, polymethylmethacry- 
late-styrene as copolymers are used), benzoyl 
peroxide (DBP), and barium sulfate (or zirco- 
nium dioxide), the latter may be supplied in a 
separate package. PMMA is in the shape of 
spherical particles having a variable diameter 
between 30 and 250 microns; the size of the par- 
ticles determines the viscosity of the cement. 
DBP initiates the radical process of polymeriza- 
tion through the effect of heat and polymeriza- 
tion accelerator. Barium sulfate makes the 
cement radio-opaque. Cements produced by 
different industrial companies have different 
chemico -physical characteristics and mechani- 
cal properties due various components and 
their relative concentrations. 

Bone cement preparation is characterized by 
three phases: the wetting phase corresponds to 
mixing the solid part with the liquid, the setting 
phase (divided into “dough time” and “working 
time”) corresponds to the initial polymerization 
process (about 5% of total), and the curing 
phase corresponds to the final hardening phase 
and completion of the polymerization process. 
During mixing, benzoyl peroxide, present on the 
surface of the PMMA powder, and DMPT, 
present in the liquid, interact and the polymeri- 
zation process starts, mainly on the surface of 
the pre-synthesized poly(methylmethacrylate). 
Working time starts when a “dough” is obtained 
which no longer sticks to gloves and tempera- 
ture increase of the cement is minimal, corre- 
sponding to minimal transformation of MMA 
to PMMA. The final polymerization phase is 
characterized by the rapid increase of polymer- 
ization rate and temperature. The time required 
for the various phases depends mainly on the 
temperature in the operating theater: a 10 °C 
increase causes polymerization to start twice 
as quickly, cutting mixing times by half. After 
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polymerization, less than 5% of MMA remains 
free and this percentage may slowly spread into 
the body. The MMA polymerization reaction is 
exothermic; the high temperature favors DBP 
decomposition leading to an increase in radical 
formation and consequently an increase in 
polymerization process. Therefore, polymeriza- 
tion speed is initially minimal and gradually 
increases. Were processing carried out in adia- 
batic conditions, the bone cement temperature 
would reach 160 °C. The actual temperature 
reached by the cement during the surgery 
depends on the balance between quantity and 
speed with which the heat is produced, and 
how easily the heat is dispersed from the surface 
into surrounding tissues. At the interface with 
spongy bone, due to vascularization and the tra- 
becular shape of the bone itself, temperatures of 
60 °C can be reached, while in the center of the 
mass of cement the temperature is higher than 
100°C. Schematically, cement produces heat as a 
function of the amount used, and the tempera- 
ture at the interface increases with a higher 
quantity of cement. Based on this assumption, 
an adequate surgical technique can lower the 
temperature at the interface by using both an 
adequate and not too thick layer of cement, and 
washing liquids in the final polymerization 
phase. Some cements are declared as “low- 
temperature polymerization”. They are char- 
acterized by a smaller quantity of monomer 
MMA that proportionally lowers the heat devel- 
oped during transformation of monomer into 
polymer. High temperature is sought when the 
cement is used as adjuvant in bone tumors to 
ensure “sterilization” of a bone surface from 
which the tumor has been removed; therefore in 
oncological surgery, standard PMMA is useful. 

During the polymerization reaction, a theo- 
retical volumetric shrinking of the PMMA takes 
place proportional to the amount of MMA 
used; in orthopedic cement, the volumetric 
shrinking is 7% of the initial volume. Another 
characteristic of cement is the porosity due 
to CO2 formed during decomposition of the 
initiator, MMA monomer evaporation, air- 
bubbles formed during hand preparation of 
the mixture, and the expansion due to the tem- 
perature increase during polymerization. In 
actual orthopedic cements, the vacuum tech- 



nique preparation decreases air-bubble forma- 
tion; other factors can not be eliminated. 

Antibiotic-loaded cements are used in order 
to obtain a greater quantity of local antibiotic 
and to reduce the systemic quantity, thereby 
decreasing general toxicity; they are either 
industrially packaged or prepared in the oper- 
ating theater according to the antibiotic. The 
state of the art on how the antibiotic manages to 
act is the following [21]: the antibiotic dissolves 
from the surface of PMMA into the tissues; 
antibiotic molecules of larger size are physically 
blocked inside the bone cement and, therefore, 
cannot spread from inside the cement to the 
surface. The dissolution process depends on the 
type of antibiotic, on the characteristic of 
the surface of the cement, and on the way the 
cement itself is prepared. When the antibiotic is 
added to the cement during preparation of the 
cement itself, i.e., in the operating room, only a 
small part of the antibiotic molecules are on 
the surface of the cement and will be able to 
dissolve. This process explains why the actual 
antibiotic-loaded cements have a limited aseptic 
action. 

Ceramic Biomaterials 

Ceramics are solid materials, which have as their 
essential component inorganic, non-metallic 
materials. Ceramic biomaterials used in ortho- 
pedic devices can be classified as bioinert 
(alumina and zirconia) [22,23], bioreactive 
(hydroxyapatite and other calcium phosphate 
ceramics), and bioresorbable. 

Alumina and Zirconia 

The development of alumina (aluminum 
oxide - AI2O3) as a biomaterial began in the mid 
1960s, the behavior of alumina components 
(say total hip replacement - THR ball heads) 
were improved continuously over more than 
30 years of clinical use, making alumina one 
of the better characterized biomaterials [24]. 
Today more than three million alumina ball 
heads have been implanted worldwide, coupled 
either to UHMWPE or to alumina acetabular 
components. Due to its extremely high hardness 
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and wettability, alumina has shown favorable 
wear behavior in arthroprostheses. The mater- 
ial used in biomedical applications is a- 
alumina, known as corundum, one of the most 
stable oxides, unaffected by corrosion (e.g., 
absence of ion release from bulk materials and 
from wear debris) in the most adverse condi- 
tions. Alumina shows very good performance 
in compression, but relatively poor tensile 
strength, which is improved by higher density 
and smaller size of grains. The bio compatibility 
of alumina is a well-established property. 

In the first half of the 1980s many researchers 
focused their efforts on the development of 
Zirconia- toughened Alumina (ZTA). ZTAs are 
composite materials consisting of an alumina 
matrix containing zirconia grains. The mechan- 
ical properties of ZTA are significantly 
improved with respect to alumina, the better 
performances were obtained using nanometer- 
sized zirconia grains and other additives, such 
as, e.g., chromium dioxide, thus obtaining the 
so-called Alumina Matrix Composite (AMC) 
ceramics (Table 52.2) [25]. 

Zirconia (zirconium dioxide - Zr02) ceramics 
were developed and introduced in clinical use in 
the late 1980s. The early developments were ori- 
ented towards Magnesia-partially Stabilized 
Zirconia (MgPSZ), in which the tetragonal 
phase is present within large cubic grains 
(40-50 ^m) forming the matrix, a coarse struc- 
ture that may negatively influence the wear 
properties of joints. Most of the developments 
were focused on Yttria-stabilized Tetragonal 



Table 52.2. Indicative values of selected properties of biomedical 
grade Alumina Matrix Composites (AMC) ceramics, Yttria-stabilized 
Tetragonal Zirconia Polycrystal (YTZP),and Zirconia-toughened Alumina 
(ZTA) [25] 



Properties (Unit) 


AMC 


YTZP 


m 


Chemical composition (mol) 
Density (g/cm*) 


4.36 


Zr02 + 3%Y20, 
6.08 


5.02 


Average Grain size (/im) 
Bending Strength (MPa) 


1,150 


0.3 

1,200 


912 


Compressive Strength 


4,700 


2,000 




(MPa) 


Fracture Toughness 


8.5 


9 


6.9 


(Mpa • m’^^) 


Elastic Modulus (GPa) 


350 


200 


285 


Hardness (HV) 


1,975 


1,000-1,300 


1,500 



Zirconia Polycrystal (YTZP), a ceramic cons ting 
of tetragonal grains some hundreds of nanome- 
ter in size as described elsewhere [26], which is 
currently a standard material in clinical use for 
more than 15 years. The excellent mechanical 
properties of YTZP ceramics (Table 52.2) allow 
the manufacturing of ball heads with small 
diameters (22 mm or 26 mm) and long necks. As 
well as alumina, YTZP also has a wettability 
superior to metals, as it can bind at its surface a 
fluid film acting as lubricant. In clinical practice 
YTZP ball heads are coupled only to UHMWPE 
sockets. As YTZP may be affected by strength 
degradation due to phase transformation (a 
well-known behavior related to temperatures 
above 100 °C in wet environments), manufac- 
turers have to carefully control several parame- 
ters, e.g., density, small and uniform grain size, 
concentration and distribution of stabilizing 
oxide Y2O3, and sometimes introduction of 
AI2O3 or Ce02 as additives into the matrix. 
The biocompatibility of zirconia is well docu- 
mented, on the basis of in vitro and in vivo tests 
[26]. 

The process of formation of dense ceramics 
is characterized by the selection of raw materi- 
als (powders, purity, fine and homogeneous 
grain size), the processing of powders before 
firing, and the technology used for powder 
consolidation. All these parameters influence 
the microstructural characteristics of the final 
product. Details on the manufacturing process 
are described elsewhere [23]. The introduction 
of Hot Isostatic Pressing (HIP) in bioceramics 
production has permitted the minimizing of 
residual stresses within ceramic parts and 
development of ceramics with a density close to 
the theoretical one, improving the strength and 
reliability of ball heads; reliability is improved 
also by proof testing on all the ball heads and 
inlays prior to release on the market. 

The common method of sterilization of 
ceramics is by gamma rays; nevertheless, 
ethylene oxide may also be used. During gam- 
ma rays sterilization, ceramics may undergo 
some changes in color, due to ionization of rare 
earths that may be present as impurities at 
parts-per-million levels in the material. Steam 
sterilization should not be used for zirconia ball 
heads (MDA SN 9617, June 96). 
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Almost all THRs make use of a cone taper to 
join the stem to the ball head (ceramic or metal- 
lic). The modularity allows for control of the 
protrusion of the ball head from the stem neck 
in several steps, commonly three, allowing for 
the selection of neck length with the same stem. 
The drawback of this solution is that the self- 
locking conical taper transforms the compres- 
sion stresses in bending stresses on the upper 
part of the ball head and in tangential (hoop) 
stresses in the lower part. Careful matching of 
surface roughness, roundness, and linearity in 
coupling ceramic tapers with the metallic trun- 
nion plays a relevant role on distribution and 
intensity of the stresses, which are dependent 
on, e.g., the cone angle, the extent of the contact, 
and the friction coefficient among the two sur- 
faces. Mismatches in female-to-male taper - 
e.g., due to the many angles in clinical use; 
roundness, roughness, or linearity errors in the 
taper; material and design of the taper - are 
among the most likely “technologic” initiators of 
ceramic ball head failures. Besides the “techno- 
logic” failure initiators, when using ceramic ball 
heads, surgeons have to take care of several 
technical prescriptions dictated in Safety Notice 
MDA SN2002-5. 

Due to the improvements introduced in 
manufacturing, fractures of alumina ball heads 
and inlays currently occur with a very low 
frequency. Fractures are typically associated 
with severe trauma, or to technical errors. The 
problem was relevant in the early years of 
clinical use, and was characteristic of materials 
that were withdrawn from the market in the 
early 1980s. The failure rates observed in mate- 
rials made after 1980 from different manu- 
facturers are variable, with an average value 
around 0.05%. Besides the uncertainties present 
in this kind of evaluations, and bias depend- 
ing on surgical technique, the scatter of data 
(some of the series show zero fractures, while 
others show failure rates up to 2%) appears 
linked to the size of the study: large series do 
not show fractures, while the small ones show 
higher fracture rates. The high fracture rates of 
YTZP ball heads recently observed by a manu- 
facturer in some batches made between January 
1998 and September 1999 is not specific to the 
material. 



Hydroxyapatite (HA) 

The use of ceramic coatings to protect THR 
stems from corrosion began in the 1960s. 
Following the development of osteoconduc- 
tive calcium phosphate, ceramic coatings were 
applied to metallic stems to enhance bony fixa- 
tion. Long-term follow-ups confirm the results 
obtained in early works [27]. The rate of bone 
formation is dependent on the porosity and sol- 
ubility of the ceramic, as the characteristics of 
porosity influence cell attachment and spread- 
ing, while the solubility, depending on Ca/P 
ratio, influences the degradation rate of the 
material. The bioreactivity of the coating and its 
mechanical stability are dependent on several 
parameters, e.g., presence of foreign phases, 
crystallinity, residual porosity, and mechanical 
properties (shear strength, bond strength, 
fatigue life) [28]. 

The most common industrial process to 
obtain HA coatings is by plasma spray, consist- 
ing of injecting powder particles in a plasma 
gun where they melt. Droplets of melt ceramic 
are sprayed at high speed onto the surface to be 
coated, where they splat and cool, thus forming 
the coating by mechanical adhesion of multiple 
droplet layers. A critical aspect is the starting 
Ca/P ratio of the starting powder, as it influence 
the coating stability. The 100% crystalline HA 
powders that are used to feed plasma guns 
experience a severe heating/cooling thermal 
cycle: formation of amorphous phases and of 
resorbable calcium phosphate ceramic (CPC) 
compounds, segregation of CaO, and oxidation 
reactions may occur during plasma spray. Per- 
forming the process at low pressure (Vacuum 
Plasma Spray - VPS) allows avoidance of 
undesired oxidation reactions. Sterilization 
in the presence of HA coating requires similar 
care as for dense ceramics. 

Metallic Materials for 
Joint Prostheses 

For the use of metallic alloys as biomaterials 
[29], the specific requirement of biocompatibil- 
ity narrows the range of useful compositions. In 
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fact, the interaction of metallic materials with 
the biological environment enhances the impor- 
tance of surface reactivity of alloys, which is also 
related to composition. As a consequence, the 
surface of the implant is often chemically modi- 
fied in order to improve its biocompatibility. 

Metallic materials with industrial relevance 
for joint prostheses belong to three main groups 
[29-31]: (i) stainless steel; (ii) alloys based on 
the Co-Cr system; (iii) Ti and its alloys, (i) The 
stainless steel mainly used for orthopedic 
implants is austenitic AISI 316. When it is spec- 
ified as AISI 316L, the carbon content is limited 
to 0.03 wt% for preserving the good corrosion 
resistance of this material, (ii) Co-Cr-based 
alloys have been used for total joint prostheses 
since the early 1900s and are originating from 
modifications of the dentistry alloy Vitallium 
(Haynes Stellite alloy N. 21) [31]. They combine 
good mechanical properties with a high bio- 
compatibility due to the presence of Cr, which 
forms a protective oxide layer. The carbon 
content in the alloy must be carefully controlled, 
because the formation of carbide phases may be 
detrimental for mechanical properties, (iii) Ti 
and Ti-based alloys are widely used as biomate- 
rials for their high biocompatibility, mainly due 
to a high corrosion resistance related to the for- 
mation of a passive oxide layer at the surface. 
Good mechanical properties and low density 
constitute an additional benefit for joint pros- 
thesis production. Commercially pure (cP) Ti is 
used in different grades, as a function of the 
oxygen content as impurity. Common Ti-based 



alloys contain aluminum (Al) and vanadium 
(V), the last often substituted by Niobium (Nb) 
in order to increase bio compatibility. The main 
components of most widely used metallic bio- 
materials for joint prosthesis are collected in 
Table 52.3 [29]. 

The industrial production of metallic compo- 
nents for joint prosthesis may be described in 
different steps. As a first step, raw metals and 
alloys are processed into stock shapes, such as 
bars, sheets, rods, plates, tubes, wires, and 
powders. The second processing step is used to 
tailor the microstructure of the alloy, which is 
strongly related to the mechanical properties of 
the implant, by means of thermo-mechanical 
treatments. The transformation of stock mate- 
rials into final products may be obtained by 
investment casting, machining, forging, and 
sintering. Techniques used to manufacture 
various alloys to produce metallic biomaterials 
for joint prostheses are collected in Table 52.4. 

Surface coatings aimed at improving func- 
tional properties of implants (i.e., biocompati- 
bility, bone fixation) are often added as a final 
step. Functionality and duration of implants in 
a physiological environment are very sensitive 
to surface properties, which may be considered 
the most important and selective aspect for joint 
prosthesis selection. Surface treatments are 
mainly aimed at increasing hardness and 
strength of the surface layer, in order to improve 
the resistance to wear and corrosion. Various 
techniques for surface modifications have been 
used for orthopedic alloys: ion implantation. 



Table 52.3. Typical composition (maximum amount allowed, wt%), mechanical, and physical properties of metallic biomaterials 



Materials 


Main 


Other comp. 


Density 


Yield 


Ultimate 


Fatigue 


Fracture 


Elastic 


Elongation 




comp. 


(max wt%) 


(gcm-3) 


strength 


Tensile 


Strength 


Toughness 


modulus 


at fracture 










(MPa) 


Strength 


(107 cycles) 


(MPa ml/2) 


(Gpa) 


(%) 












(MPa) 


MPa 








Stainless steels 


Fe 


Ni (14),Cr(19), 


7.5-8.0 


170-790 


480-1,000 


180-550 


75-85 


190-200 


10-50 


AISI 316 




Mo(2,S),Mn (2) 
















Co-Cr based alloys 


Co 


Cr(30),NI (37), 


8.2-9.1 


250-1,500 


650-1,800 


300-950 


50-60 


210-240 


8-50 






Mo (10,5), 
Mn(2.56) 
















cP-Ti 


Ti 


Fe (0.5), 0(0.4) 


4.5 


170-485 


240-550 


200-330 


65-75 


no 


15-25 


Ti based alloys 


Ti 


Al (6.5), V (4.5), 


4.4-5.3 


800-1,050 


900-1,100 


450-650 


50-55 


75-115 


8-20 






Nb(7.5),Fe(3), 

Mo(15),Zr(6) 
















Cortical bone 








80-150 


30 


2-12 


14-22 


0-2 
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Table 52.4. Techniques used to produce metallic biomaterials for total joint replacements 



Technique 


Stainless steels 


Co-Cr-based alloys 


cP-Ti 


Ti-based alloys 


Casting 


Not used 


Investment casting 


Difficult 


Difficult 


Machining 


Possible 


Difficult 


Possible 


Possible 


Cold working 


Rolling 


Difficult 


Rolling 


Difficult 


Hot working 


Wrought, forged 


Wrought, forged 


Not used 


Wrought, forged 


Sintering 


Possible 


Hot isostatic pressing 


Not used 


Not used 


Thermal treatments 


Recrystallization 


Precipitation hardening 


Recrystallization 


Precipitation hardening 



chemical and physical vapor deposition, diffu- 
sion hardening, and plasma treatment [32]. 
Typical coatings are constituted by nitrides 
(CrN or TiN) and, more recently, by diamond- 
like carbon (DLC) [33]. Porous coatings have 
been developed to promote bony ingrowth into 
the implant. Even if metallic biomaterials show 
good static mechanical properties, they may 
suffer significantly from fatigue failures. Fatigue 
strength is defined as the highest periodic stress 
that does not initiate a failure of the material 
after a given number of cycles. For hip prosthe- 
ses, an average of 2 x 10^ stress cycles per year 
can be estimated, so that more than 10^ cycles 
may be applied during a lifetime. The applied 
stress for fatigue failures is in the elastic region 
of the static loading, so that fatigue strength 
is significantly lower than ultimate tensile 
strength. Metallic biomaterials have fatigue 
strengths in air generally well above the 
minimum required for joint prosthesis applica- 
tions [34]. Mechanical properties of most widely 
used metallic biomaterials for joint prostheses 
are collected in Table 52.3. 

Total joint replacements are subjected to wear 
and abrasion so that resistance against them is 
an important criterion for biomaterials [35]. 
Metal-metal joint coupling seems to be promis- 
ing [29]. High-carbon Co-Cr-based alloys (F75) 
significantly improve mechanical properties 
after working, so that small plastic deforma- 
tions at the surface significantly increase the 
hardness of the alloy and, as a consequence, its 
wear resistance. In addition, the presence of 
fine, dispersed, hard carbides increases the wear 
resistance of these alloys. Oxide films formed 
by passivation at the surface of Cr- and Ti- 
containing alloys are generally resistant to abra- 
sion. Load required to fracture the oxide surface 



film is lower for Ti-based alloys with respect to 
Co-Cr-based alloys [31]. 

The biological environment can cause corro- 
sive attack. Many types of corrosion may be 
observed on metallic biomaterials, including 
general corrosion, pitting and crevice corrosion, 
stress corrosion, corrosion fatigue, fretting cor- 
rosion, and intergranular corrosion [29]. The 
driving force for oxidation of Cr and Ti is very 
high, so that orthopedic alloys would corrode 
rapidly in the absence of the passive oxide film 
that forms on their surface. These films are very 
thin (on the order of 5-10 nm) and are very 
stable in normal conditions, but their composi- 
tion and structure may change over the lifetime 
of the prosthesis, resulting in instability of the 
oxide. Stainless steels appear significantly less 
resistant to localized corrosion with respect to 
Ti- and Co-Cr-based alloys. 
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Introduction 

Interest in new bone-forming substances to 
cure bone defects and fractures dates back to 
the very beginning of the twentieth century. 
This line of research was especially adopted in 
the orthopedic field and also in maxillo-facial 
surgery. 

Among relevant historical data on osteoin- 
duction, mention must be made especially of 
four scientists. G. Levander (1938) was doing 
research on soluble stimulating agents induc- 
ing new bone formation [1] and P. Lacroix 
(1945) showed that alcoholic extracts of rabbit 
cartilaginous epiphyses promotes new bone 
formation. He gave the extract the name 
“osteogenin” [2]. M. R. Urist (1965) proved that 
decalcified bone matrix implanted in muscle 
pouches in the rabbit and rat resulted in carti- 
lage and bone formation [3]. Lastly, a group 
under J. M. Wozney (1988) published the first 
results on recombinant bone morphogenetic 
proteins (BMPs) (BMP-1 through BMP-4) and 
made the identification of their biochemical and 
biological characteristics and amino acid 
sequences [4]. 

Urist [5], at the very onset of the research on 
osteoinduction, named the possible agent pro- 
ducing the inductive process the “bone induc- 
tion principle”. The presentation of scientific 
papers in the literature especially on DBM 
(demineralized bone matrix) reached its peak in 
the year 1989, after which this activity declined. 
In accord with the osteoinductive activity of 
DBM the process was called “demineralized 
bone matrix osteogenesis”. 

Reports on chemically extracted native BMP 
began to appear about 1977 and peaked in 1998. 



Papers on recombinant BMPs appeared after the 
discovery of these products, which are now one 
of the dominating representatives for this kind 
of research [6]. Today there may be more than 
30 different BMPs or agents classified as 
osteoinductive factors. 

Bone Healing and 
Transplantation 

The bone healing process can be classified into 
two types depending upon the location in the 
skeleton. Endochondral ossification, e.g., frac- 
ture healing of a long bone means that local 
mesenchymal cell infiltration will take place, 
followed by differentiation first to chondrob- 
lasts and then to osteoblasts and bone tissue. In 
the process of intramembraneous ossification, 
e.g., in a defect of the skull, this process pro- 
ceeds without the cartilaginous phase. 

The bone transplantation procedure can be 
typed according to the origin of the bone mate- 
rial needed. The alternatives are autogenic, allo- 
genic, and xenogenic bone tissue. Autogenic, 
the patient’s own bone, has the best osteogenic 
capacity. Today we can, in fact, also use other 
alternatives in bone transplantation; we can 
transplant cells and tissues, proteins, molecules, 
and genes. 

BMP 

Bone morphogenetic protein is a differentiation 
factor inducing, e.g., connective tissue cells to 
produce new bone. BMP also appears to show 
chemotactic activity and increases the local 



613 




614 



Biomechanics and Biomaterials in Orthopedics 



microcirculation [7]. Some mitogenic activity 
on primary calvarial derived cells has been 
shown, but not for other cell types. BMP elicits 
responses by binding to receptors (serine/thre- 
onine kinase) located on the cell surface. Both 
type I and type II receptors are required for 
signal transduction. The process also involves 
other kinds of factors which are currently under 
research [8]. 

Native extracted BMP preparation demon- 
strates an active bone inductive capacity con- 
taining a mixture of different growth factors 
such as TGF-betas, which also are important for 
new bone formation. Besides TGF-beta 1 and 2, 
BMP-2, -3, -4, -6, and -7 are present in this 
protein complex. Additionally there are osteo- 
calcin, osteonectin, albumin, and transferin. The 
absence of FGF-1 and -2, IGF-1 and -2, PDGF-a 
and -b has been noted [4,9]. So far no exhaus- 
tive study has been made of the complete 
content of the factors included in this kind of 
complex extract (Figure 53.1, plate section). 

There are also differences between animal 
species in extracted native BMP in respect of the 
capacity to induce new bone formation. One 
report of a comparative test has established that 
BMP extract from reindeer bone is far superior 
to the bovine, sheep, and porcine BMP [10]. 



Extract of Native BMP 

There are many modifications of the original 
chemical extracting technique developed and 
used by M. R. Urist [11]. The preparation 
includes pulverization of long bones, deminer- 
alization in 0.6 N HCL, extraction with 4M 
GuHCL, tangential flow filtration, and dialysis. 
The end result of this process is called partially 
purified BMP (Figure 53.2). The purification 
process can be continued, e.g., by the use of 
HPLC chromatography, resulting in three major 
fractions at molecular weights 11 to 40kDa, 40 
to 140 kDa, and 500 to 700 kDa, respectively. The 
second of the fractions possesses immuno- 
geneic properties and the others are osteoin- 
ductive. Further purification is also possible. 
This kind of extraction process is, however, 
laborious and time consuming. 

Recombinant BMPs 

Recombinant BMPs are produced with one or 
several expression systems such as bacteria, 
insect, or mammalian cells. BMP-2, -4, -5, -6, and 
-7 are all osteoinductive. In comparison to these, 
BMP-5 requires more substance to produce the 




Figure 53.2. Schematic illustration of the extracting technique of native BMP including pulverization of bones, demineralization, extraction, 
filtration, and dialysis.The end product of this procedure is the partially purified protein complex. 
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same amount of new bone. The ability of BMP- 
3 to induce new bone formation is controversial. 
GDF-5, GDF-6/BMP-13, GDF-7/BMP-12 induce 
dense connective tissue - tendons and liga- 
ments [12]. The source of the material used for 
BMP-2 production is human bone tissue and it 
has been expressed in CHO (Chinese hamster 
ovarial cells) [13]. Another source for BMP-2 
has been the human osteosarcoma U 2 OS cells 
expressed in E. coli [14]. The human BMP-2 
expressed in E. coli; such a system may be easier 
and cheaper but involves problems with purifi- 
cation of the remnants according to the bacte- 
ria used. Human BMP-4 with a source in murine 
osteosarcoma cells was expressed in CHO cells 
[15]. BMP-7 had its source in bovine bone 
matrix and was expressed in CHO cells [16]. In 
an as-yet unpublished experiment with different 
BMPs with an original source in reindeer 
growing antler anlagen, the site of highly active 
growth factors, different recombinant BMPs 
were expressed in E. coli. A comparison in 
amino acid sequences between mature regions 
of BMPs is shown in Figure 53.3. 

Testing of Osteoinductivity 

If the aim is to use BMP in experimental work 
or in clinical testing for bone healing, the most 
important property of the protein is the capac- 
ity for new bone formation. The available tech- 
niques for testing new bone formation are as 
follow: micro-assay (cell culture technique), 
bioassay (the muscle pouch of, e.g., a mouse), 
skull defects, segmental long bone defects, and 



clinical testing with fractures or defects or in 
bone transplantation procedures. 

Micro-assay 

In micro-assay many different cell cultures have 
been used [17]. After application of small 
amounts of BMP to the culture the ALP activity, 
45 Ca incorporation, 3H-thymidine incorpora- 
tion, or the production of osteocalcin, besides 
histological staining of cells can be verified [18]. 
This technique is easy and there is no need for 
test animals. On the other hand, no compara- 
tive results are as yet available between tissue 
culture results and biological tests in the muscle 
pouch of rodents. The results obtained so far are 
not considered definitively comparative [19]. 

Bioassay 

Small amounts of BMP are applied during 
surgery to a muscle pouch in the hind leg, e.g., of 
a mouse. A process of cartilage and new bone for- 
mation starts and in three weeks a bone ossicle 
can be verified by X-ray and histologically 
(Figure 53.4, plate section). The new bone for- 
mation correlates to the amount of active BMP 
incorporated. Combinations of other analyses 
such as measurement of the content of Ca and 
the activity of ALP is easily accomplished [20]. 

Skull Defects 

A critical-size skull defect does not have the 
capacity to heal completely during the lifetime 
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Figure 53.3. Amino acid sequence homoiogies between mature regions of BMPs. 
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of the animal. The size of this kind of defect 
differs depending upon the animal species and 
even according to the location in the skull area. 
The process of healing after implantation of 
BMP in the defect can be analyzed by X-ray and 
histologically [21]. 

Segmental Long Bone Defects 

The criterion for a segmental defect in a long 
bone of an animal is that the defect should be 
twice the breadth of the long bone. Long bone 
defects have been tested in the femur of rats 
[22], ulna and radius in rabbits [23], femur in 
sheep [24], radius in dogs [25], and radius in 
non-human primates [26]. The mode of fixation 
of segmental defects in larger animal species is 
of importance. A long bone defect in a sheep will 
completely heal in 12 weeks (Figure 53.5). 

Maxillo-facial and Dental 
Reconstruction 

The use of osteoinductive implants in the 
maxillo-facial and dental area may be more 
important and useful than in orthopedic cases. 
Pre-clinical studies have been made in mandi- 
bular defects in dogs [27], and in non-human 
primates [28], peri-implantation in non-human 
primates [29]. 




Figure 53.5. A segmental diaphyseal bone defect in a sheep treated 
with a block of sea-coral and extracted bovine BMRThe lesion was fixed 
with a plate and screws. There was a complete union of the defect after 
12 weeks. 



Spinal Fusion 

The need for a simple technique to achieve 
spinal fusion in patients is of crucial importance 
in view of the increasing numbers of patients 
to be operated on [30]. Intertransverse process 
spinal fusion in dogs and the use of inter-body 
fusion cages in sheep [31] and in non-human 
primates [32] have been investigated. 

Bioimpiant 

A bioimplant is composed of two parts: the 
osteoconductive filling or framing material and 
the carrier used to connect the osteoinduc- 
tive component or the BMP. The ideal osteo- 
conductive material, sometimes also used as a 
carrier, must enable vascular and cellular inva- 
sion, must be reproducible, non-immunogenic, 
moldable, and space providing to define the 
contours of induced bone. The framing 
material and carrier should be able to start to 
resorb completely following initiation of bone 
induction. Different kinds of filling materials 
used in experimental works have been reported 
[33]. Sea coral composed of 99% calcium car- 
bonate with 48% pores/volume and resembl- 
ing trabecular bone has been successfully 
used in animal and clinical experiments [34]. 
The BMP can be bound especially to type I 
collagen with a disulfide or a covalent bonding. 
On the other hand, methods for assembling 
BMP with carriers is still restricted to simple 
mixing, surface coating, substrate soaking, or 
adsorbing. 

The dosage of BMP used in a bioimplant 
differs according to the location and size of the 
lesion to be treated. The following recommen- 
dations have been made: extract of native 
human BMP 50-100 mg, extract of bovine BMP 
5-30 mg, extract of reindeer BMP 1-10 mg, 
rhBMP-2 0.15-6.8 mg, rhBMP-7 (OP-1) 2.5-6.8 
mg. These values are no more than recommen- 
dations according to the literature. 

A bioimplant must be sterilized. Here, the 
following techniques have been used: irradia- 
tion, ethylene oxide, and ultrafiltration. Irra- 
diation and ethylene oxide clearly diminish the 
osteoinductive capacity of BMP. Additionally, 
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ethylene oxide develops poisonous products 
[35], 

Clinical Tests 

Tissue engineering usually means reconstruc- 
tion ex vivo followed by implantation in situ in 
contrast to the technique of reconstruction of 
tissues in the host. In a successful reconstruc- 
tion procedure the regeneration of cells and the 
extracellular matrix must be in a correct spatial 
and functional relationship. Clinical trials have 
been done with DBM, native, and recombinant 
BMPs. 

There are reports in the literature on clinical 
trials using human, bovine, and reindeer- 
extracted BMP, and additionally by rhBMP-2 
and rhBMP-7. Human BMP extract has been 
used in more than 100 cases, bovine BMP 
extract in more than 1,000 clinical cases, and 
work with reindeer BMP extract has com- 
menced. The indications for the use of osteoin- 
ductive bioimplants are orthopedic lesions and 
uncured fractures, and spinal fusion and partly 
cases for maxillo-facial and dental surgery. 

Extract of Native Human BMP 

Native human BMP has been used to compen- 
sate for bone loss due to enchondroma, tibial 
bone defects, femoral non-unions after frac- 
tures, and skull defects [36]. 

Extract of Native Bovine BMP 

There are reports on the use of such extracts in 
maxillo-facial reconstruction and implantology, 
and humeral, radial, tibial, ulnar, femoral, and 
phalangeal non-unions [37,38,39]. The product 
NeO-Osteo, combining the active new-bone- 
inducing substance GFm (bovine BMP extract) 
with a collagen carrier and DBM as framing 
material, yielded excellent results in comparison 
with autografts in mandibular defect recon- 
struction and in spinal fusion [40]. 

A preparation including bovine BMP with 
type I collagen as a carrier and natural sea-coral 
as framing material was used to cure previously 
unsuccessfully treated delayed unions of the 
humeral, ulnar, tibial diaphyseal bone as in 
scaphoid non-unions and in sinus lift opera- 



tions The framing material was dispersed as a 
block, as granules, or as injectable powder. The 
success rate was 75% and there were still non- 
unions in 25% of the long-bone non-unions and 
pseudoarthrosis. The scaphoid non-unions 
included in this material showed a failure rate of 
66% (Figure 53.6) [41]. 

Extract of Reindeer BMP 

Bioimplants composed of extract of reindeer 
BMP and type I collagen as carrier and sea-coral 
as framing material have been preliminarily 
clinically used in maxillary sinus lift operations 
with excellent final results and in long-bone 
pseudoarthroses, primary lower leg fractures, 
and in bone lengthening [42]. 

Human Recombinant BMP-2 

More than 1,000 patients were included in a 
testing program using human BMP-2 in hospi- 
tals all over the world. Preliminary results were 
reviewed in cases of tibial fractures, inter-body 
fusions, maxillary sinus grafting, avascular 
necrosis of the femoral head, augmentation of 
localized defects, and preservation of the alveo- 
lar ridge [43,44,45]. The success rate was good 
but not complete, the union of long bone defects 
and non-unions being 62-75%. 

rhBMP-2 does not induce any adverse sys- 
temic or toxic effects. The release of BMP-2 from 
the implant is considered to be relatively slow. 
No effect has been observed on tumor cell 
growth. 

Human Recombinant BMP-7 

A testing program has been started involving 
700 patients using OP-1 with type I collagen as 
carrier; 122 patients at 18 centers in the USA are 
being tested especially for treatment of tibial 
non-unions. Projects in the USA, Australia, 
and Sweden have been launched to cure 
spondylolisthesis. 

Reports have been reviewed in the literature 
including clavicular pseudoarthrosis, revision 
of hip prosthesis, long bone non-unions, 
failed arthrodesis, bone defects, spinal fusions, 
periprosthetic fractures, sinus floor augmenta- 
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Figure 53.6. A 90-year-old male was surgically treated for a fracture of the humeral shaft (a) but developed a non-union. About one year later a 
re-operation was undertaken together with implantation of an osteinductive Implant (sea-coral and native bovine BMP) (b).The fixation device was 
later extracted and the non-union of the fracture completely healed (c). 



tion, fibular defects, thoracolumbar fractures, 
and atlanto-axial posterior fusion [46,47,48]. 
McKee and associates [49] report a randomized 
trial of previously unsuccessfully autogenous 
graft-treated atrophic non-unions. The implant 
consisted of 3.5 mg of OP-1 combined with Ig 
of highly purified type I bovine collagen carrier. 
The success rate was positive in 84% of the 
patients [49]. 

Discussion 

Today, both rhBMP-2 and rhBMP-7 have been 
registered as implants for use with special diag- 
nostic treatment groups, the former for spinal 
fusion and the latter for treatment of lower 
leg fractures. The economic setting of these 



osteoinductive bioimplants is so far at a very 
high level. 

Although these preparations constitute effec- 
tive tools in bone reconstruction, there may be 
some side effects such as local allergic reactions 
of the skin, local heterotopic bone formation, 
and development of antibodies against BMP 
and collagen in the blood of the patient. The 
most prominent complication may be infection, 
probably due to suboptimal internal fixation of 
the lesion. There may also be problems in 
respect of the high solubility profile of BMP 
itself or to the carrier or the framing material. 
The modes of application of osteoinductive 
implants are still under investigation and the 
availability of implants for special surgical 
applications must be developed. BMP can also 
augment the action of auto- and allografts. The 
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overall failure rate in treated cases is about 
13-32%. 

Controversy still prevails as to the difference 
in action and osteoinductive capacity between 
native BMP extracts and recombinant BMPs 
or between rhBMP-2 and rhBMP-7. There may 
be a better response with a bone-derived 
(extract) BMP than with a single recombinant 
[4]. Natural BMP is more active than recom- 
binant, and natural BMPs will retain their 
values [37]. 

In view of the failures still observed in BMP 
treatment the minimum effective dosage of the 
drug must be found. Combined treatment with 
different recombinant BMPs or with TGF-betas 
must be worked out [50]. Other lines of 
approach may also come to the fore in the very 
near future, e.g., the development of gene trans- 
fer techniques for clinical use of BMP [51]. 

References 

1 . Levander G. A study of bone regeneration. Surg Gynecol 
Obstet 1938;67:705-14. 

2. Lacroix P. Recent investigation on the growth of bone. 
Nature 1945;156:576. 

3. Urist MR. Bone: Formation by autoinduction. Science 
1965;150:893-9. 

4. Wozney JM, Rosen V, Celeste AJ, Mitsock LM, Whitters 
MJ, Kriz RW et al. Novel regulators of bone formation: 
Molecular clones and activities. Science 1988;242: 
1528-34. 

5. Urist MR, Mikulski A, Nakagawa M, Yen K. A bone 
matrix calcification initiator non-collagenous protein. 
Am J Physiol 1977;232:115-27. 

6. Lindholm TS, Viljanen VV, Mattila M. Thirty years of 
bone morphogentetic protein research. In: Lindholm 
TS, editor. Bone Morphogentic Proteins: Biology, 
Biochemistry and Reconstructive Surgery. San Diego: 
Academic Press, 1996;3-6. 

7. Akioka J, Kusumoto K, Bessho K, Sonobe J, Kaihara S, 
Wang Y et al. Angiogenesis around induced bone with 
recombinant human BMP-2 in a latssimus dorsi muscle 
flap. J Musculoskel Res 2002;6:17-21. 

8. Celeste AJ, lannazi JA, Taylor RC et al. Identification of 
transforming growth factor beta family members 
present in bone-inductive protein purified from bovine 
bone. Proc Natl Acad Sci USA 1990;87:9843. 

9. Sampath TK, Maliakal JC , Hauschka PV et al. Recombi- 
nant human osteogenic protein- 1 (hOP-1) induces new 
bone formation in vivo with a specific activity com- 
barable with natural bovine osteogenic protein and 
stimulates osteoblast proliferation and differentiation 
in vitro. J Biol Chem 1992;267:20352. 

10. Jortikka L, Lindholm TS, Marttinen A. Partially purified 
reindeer (Rangifer tarandus) bone morphogenetic 
protein has a high bone-forming activity compared 



with some other arcticodactyles. Clin Orhtop 1993;297: 
33. 

1 1 . Urist MR, Chang JJ Brownell AG, Huo YK, Lindholm, TS. 
Native bone morphogenetic protein. Acta Univer Tamp 
1992, B;40:27-39. 

12. Wolfman NM, Hattersley G, Cox K et al. Ectopic induc- 
tion of tendon and ligament in rats by growth and dif- 
ferentiation factors 5, 6, and 7 members of the TGF beta 
family.] Clin Invest 1997;100:321. 

13. Israel DI, Nove J, Kerns KM, Moutsatsos IK, Kaufman 
RJ. Expression and characterization of bone morpho- 
genetic protein-2 in Chinese hamster ovary cells. 
Growth Factors 1992;7:139. 

14. Zhao M, Wang H, Zhou T. Expression of recombinant 
mature peptide of human morphgenetic protein-2 in 
Escherichia coli and its activity in bone formation. J 
Clin Biochem 1994;10:319-24. 

15. Takaoka K, Yoshikawa H, Hashimoto J, Ono K, Nakazato 
H. Transfilter bone induction by Chinese hamster ovary 
(CHO) cells transfected by DNA encoding bone mor- 
phogentic protein (BMP)-4. Clin Orthop 1994;300:269. 

16. Ozkaynak E, Ruger DC, Drier EA, Corbett C, Ridge RJ, 
Sampath TK et al. OP-lc DNA encodes an osteogenic 
protein in the TGF-beta family. J EMBO 1990;9:2085-93. 

17. Ulmanen M, Birr E, Hietala O, Lindholm TS. Determi- 
nation of the biological activity of BMPs in cell cultures 
is unreliable. In: Lindholm TS, editor. Advances in skele- 
tal reconstruction using bone morphogenetic proteins. 
New Jersey: World Scientific, 2002;53-61. 

18. Jortilia L, Laitinen M, Wiklund J, Lindholm TS, 
Marttinen A. Rat skeletal muscle myoblasts are target 
cells for the action of native bone morphogenetic 
protein. J Musculoskel Res 1997;1:121-9. 

19. Atkinson BL, Elton JP, Benedict JJ. Correlation between 
in vitro and in vivo osteoinduction using a bone mor- 
phogenetic protein mixture (Abstract). Int Conf Bone 
Morphogenetic Prot 2000, Granlibakken, Lake Tahoe, 
7-11 June 2000, California, USA. 

20. Bessho K, Sinobe J, Kaihara S, Kawai M, Okubo Y, Maeda, 
J et al. In vivo changes in bone induction by E. coli- 
derived recombinant human BMP-2. J Musculoskel Res 
2002;6:1-7. 

21. Lindholm TS, Lindholm TC. The skull defect model in 
measuring osteoinductivity. J Musculoskel Res 1998; 
2:123-39. 

22. Yasko AW, Lane JM, Fellinger EJ, Rosen V, Wozney JM, 
Wang EA. The healing of segmental bone defects 
induced by recombinant human bone morphogenetc 
protein (hBMP-2). A radiographic, histological, and 
biochemical study in rats. J Bone Joint Surg (Am) 1997; 
74:659-70. 

23. Teixeira JO, Urist MR. Bone morphogenetic protein- 
induced repair of compartmentalized segmental dia- 
physeal defects. Arch Orthop Trauma Surg 1998;117: 
27-34. 

24. Gerhart TN, Kirker-Head CA, Kriz MJ, Holtorp ME, 
Hennig GE, Hipp J et al. Healing segemental femoral 
defects in sheep using recombinant human bone mor- 
phogentic protein. Clin Orthop 1993;293:317-26. 

25. Sciadini MF, Dawson JM, Johnson KD. Bovine-derived 
protein as a bone graft substitute in a canine segmental 
defect model. J Orthop Trauma 1997;11:496-508. 

26. Cook SD, Wolfe MW, Salkeld SL, Rueger DC. Effect of 
recombinant human osteogenic protein- 1 on healing of 
segmental defects in non-human primates. J Bone Joint 
Surg (Am) 1995;77:734-50. 




620 



Biomechanics and Biomaterials in Orthopedics 



27. Boyne PJ. Animal studies of the application of rhBMP- 
2 in maxillofacial reconstruction. Bone 1996;19:83S- 
92S. 

28. Hanish 0, Tatakis DN, Rohrer MD, Worhle PS, Wozney 
JM, Wikesjo UME. Bone formation and osteointegration 
stimulated by rhBMP-2 following subantral augmenta- 
tion procedures in nonhuman primates. Int J Oral Max- 
illofac Implants 1997;12:785-92. 

29. Sigurdsson TJ, Fu E, Tatakis DN, Rohrer MD, Wikesjo 
UME. Bone morphogenetic protein-2 enhances 
peri-implant bone regeneration and osteointegration. 
Clin Oral Implants Res 1997;8:367-74. 

30. Sandhu HS, Grewal HS, Parvantaneni H. Bone grafting 
for spinal fusion. Orthop Clin North Am 1999;30: 
685-98. 

3 1 . Sandhu HS, Kanim LE, Kabo JM, Toth JM, Zegen EN, Liu 
D et al. Effective doses of recombinant human bone 
morphogenetic protein-2 in experimental spinal fusion. 
Spine 1996;21:2115-22. 

32. Boden SD, Martin GJ, Morone MA, Ugbo JL, Moskovitz 
PA. Posterolateral lumbar intertransverse process spine 
arhrodesis with recombinant human bone morpho- 
genetic protein 2/hydroxyapatite-tricalcium phosphate 
after laminectomy in the human primate. Spine 1999; 
24:1179-85. 

33. Urist MR. Experimental delivery systems for bone mor- 
phogenetic protein. In: Wise DL, Altobelli DE, Schwartz 
ER, Gresser JD, Trantolo DJ, Yaszemski M, editors. Hand- 
book of Biomaterials and Applications, Section 3: 
Orthopedic Biomaterials Applications. Boston: Marcel 
Dekker, 1995;1093-133. 

34. Guillemin G, Patat JL, Fournie J, Chetail M. The use of 
coral as a bone substitute. J Biomed Mater Res 1987; 
21:557-67. 

35. Kakiuchi M, Ono K. Preparation of bank bone using 
defatting, freeze-drying, and sterilization with ethylene 
oxide gas. Int Orthop 1996;20:147-52. 

36. Johnson EE, Urist MR. Human bone morphogenetic 
protein allografting of resistant femoral nonunions. 
Clin Orthop Rel Res 2000;371:61-74. 

37. Sailer HF, Kolb E. Application of purified bone mor- 
phogenetic protein (BMP) in carnio-maxillo-facial 
surgery. BMP in comprised surgical reconstructions 
using titanium implants. J Craniomaxillofac Surg 1994; 
22 : 2 - 11 . 

38. Bai MH, Liu XY, Ge BF, Yallg C, Chen DA. An implant 
of a composite of bovine bone morphogenetic protein 
and plaster of paris for treatment of femoral shaft 
nonunions. Int Surg 1996;81:390-92. 

39. Hu YY. Experimental studies on reconstituted xenograft 
and its clinical application. Chung Hua Wai Ko Tsa Chih 
1993;31:709-13. 

40. Camargo PM, Wolinsky LE, Wagner WR, Burgess AV. Use 
of bovine-derived bone protein complex for treatment 



of periodontal defects: results of a human feasibility 
study (abstract). Surfaces in Biomaterials 2000, Aug 
30-Sept 2, 2000. Scottsdale Princess Resort, Scottsdale, 
Arizona, USA, 19-23. 

41. Lindholm TS, Hietala O, Birr E, Ulmanen M. Developing 
a bioimplant of coral and extracted BMP for clinical use. 
In: Lindholm TS, editor. Advances in Skeletal Recon- 
struction using Bone Morphogenetic Proteins. New 
Jersey: World Scientific, 2002; 142-56. 

42. Lourenco E. BMPs in oral clinical application. In: 
Lindholm TS, editor. Advances in Skeletal Reconstruc- 
tion using Bone Morphogenetic Proteins. New Jersey: 
World Scientific, 2002;290-306. 

43. Riedel GE, Valentin-Opran A. Clinical evaluation of 
rhBMP-2/ACS in orthopedic trauma: A progress report. 
J Orthop Trauma 1999;22:663-5. 

44. Boyne PJ, Marx RE, Nevins M, Triplett G, Lilly L, Alder 
M et al. A feasibility study evaluating rhBMP- 
2/absorbable collagen sponge for maxillary sinus floor 
augmentation. Int J Periodontal Rest Dent 1997; 17: 
11-25. 

45. Boden SD, Zdeblick TA, Sandhu HS, Heim SE. The use 
of rhBMP-2 in interbody fusion cages. Definitive evi- 
dence of osteoinduction in humans: A preliminary 
report. Spine 2000;25:376-81. 

46. Zijderveld SA, Giltaij LR, van den Bergh JPA, ten 
Bruggenkate CM, Tuinzing DB. Pre-clinical and clinical 
experiences with BMP-2 and BMP-7 in sinus floor 
elevation surgery: A comparison. J Musculoskel Res 
2002;6:43-54. 

47. Giltaij LR. BMP-7 in orthopedic applications: A review. 
J Musculoskel Res 2002;6:55-62. 

48. Shimmin A. Review of 114 challenging orthopaedic 
cases treated with OP-1. In: Lindholm TS, editor. 
Advances in Skeletal Reconstruction using Bone 
Morphogenetic Proteins. New Jersey: World Scientific, 
2002;411-27. 

49. McKee M, Wild L, Schemitsch E et al. The treatment of 
atrophic, recalcitrant long-bone nonunion with human 
recombinant bone morphogenetic protein-7: results of 
a prospective study. Presented at the Orthopedic 
Trauma Association 18th Annual Meeting. Oct. 11-13, 
2002, Toronto. 

50. Duneas N, Crooks J, Ripamonti. Transforming growth 
factor beta-1: induction of bone morphogentic protein 
gene expression during endochondral bone formation 
in the baboon, and synergistic interaction with 
osteogenic protein- 1 (BMP-7). Growth Factors 1998;15: 
259-77. 

51. Sonobe J, Bessho K, Kaihara S, Okubo Y, lizuka T. Bone 
induction by BMP-2 expressing adenoviral vector in rats 
under treatment with FK 506. J Musculoskel Res 
2002;6:23-29. 




54 Reconstituted Bone Xenograft as a Novel Approach to 
Using Xenogeneic Bone 

Y. Hu and J. Liu 



Introduction 

Bone grafting has been widely used in 
orthopaedic surgery for treatment of nonunions 
and bony defects. Autograft is the most pre- 
ferred form of augmenting a fracture healing. 
However, the bone harvested is always limited 
and the retrieval procedure may inflict addi- 
tional morbidity on the patient, especially in the 
elderly and children. Allografts, which are in 
common clinical use as an alternative to auto- 
graft, are biologically inferior to autografts, are 
sometimes associated with complications from 
cross infection of AIDS and hepatitis B and C, 
and again they have limited sources. Over the 
years every effort has been made by ortho- 
pedists in search of bone grafting materials 
from other sources. 



Xenogeneic Bone Graft 

Xenogeneic bone (from animals) is rich in 
sources, freely available, and proves to be safe 
for clinical use. But xenogeneic bone, when 
used in its unprocessed form, generates intense 
immune rejection which is well documented in 
the literature and prevents it from being used in 
clinical seetings [1,2]. The commercially avail- 
able xenogenous bone products, such as Kiel 
bone, Oswestry bone, and Bio-oss, all have 
absent osteoinductivity, serving mainly as an 
osteoconductive scaffold. These products were 
once in clinical use with varying degrees of 
success but have not gained popularity. 

It was postulated in the 1960s that the anti- 
genicity of xenograft is primarily localized to 
the blood elements contained in bone, rather 



than to the bone cells themselves. Employing 
frozen sectioning and immunofluorescense 
assay on undecalcifled specimens, Yunyu Hu et 
al. proceeded with studies of antigenicity of 
xenografts, and they first reported that the anti- 
genicity of the graft is primarily located in the 
osteocytes and endothelium of the Haversian 
canal, while there is hardly any antigenicity 
detected in the collagen matrix under the cir- 
cumstances of implantation [3]. They thereby 
devised a simple, direct-viewing, highly sensi- 
tive and reliable method for detecting anti- 
genicity in the bone xenograft, which is useful 
in the assessment of the varied techniques used 
to process xenografts [3]. Based on the belief 
that bone is one of the best carriers for osteoin- 
ductive factors, the authors of this study went on 
to approach processing xenogeneic bone. 

Traditional methods for treatment of the 
xenografts, such as freezing, freeze-drying, 
decalcifying, calcination, radiation, and depro- 
teinization, all turned out to be unsatisfactory. 
Some treatments are too weak to eliminate 
the antigenicity of the xenografts, while 
others are so strong as to destroy the bio active 
agents inherent in the graft. This led the authors 
to a belief that the key to eliminating the anti- 
genicity of the xenogeneic bone without com- 
promising its osteoinductivity may well lie in 
the way that the two are treated separately, 
taking into consideration the fact that the anti- 
genicity and inductivity of the xenograft share 
the common material base consisting of pro- 
teins. With this in mind, the authors of this study 
developed a xenograft-based biosynthetic mate- 
rial to heal fractures, repair bone defects, and 
treat several other orthopedic conditions. The 
experimental results and eight years of clinical 
trial have provided convincing evidence of 
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its good osteoinductive and osteoconductive 
properties. 

Preparation of Reconstituted 
Bone Xenograft 

Bovine cancellous bone granules 3~5mm^ in 
size were defatted using chloroform and 
ethanol, deproteinized with hydrogen peroxide, 
and partially decalcified by immersing them in 
0.6 N Hcl at 25 °C for 3 minutes. Scanning elec- 
tron microscopy (SEM) of the cancellous bone 
showed a regular porous structure, with the 
pore size 300-500 /im in diameter and the wall 
thickness between the pores 60-100 ^m (Figure 
54.1a). Bone morphogenetic protein (BMP) was 
obtained according to the method described by 
Urist et al. with some modifications and the end 
product is a crude extract of BMP [4]. Then the 
cancellous bone carrier and BMP were recom- 
bined in the following manner: bBMP aggregate 
was redissolved in 4M guanidine hydrochlo- 




ride, and a certain amount of partially decalci- 
fied cancellous bone (e.g., with the BMP/carrier 
ratio being 1 : 10 or 1 : 20 by weight) was added, 
and the air was dispelled from the pores of the 
cancellous bone framework in a vacuum con- 
dition. The resulting composite, designated as 
reconstituted bone xenograft (RBX), was then 
dialyzed against distilled water, freeze-dried, 
and sterilized. SEM of the composite demon- 
strated a network-like appearance of BMP frac- 
tion precipitated in the pores of the cancellous 
graft (Figure 54.1b). 

In view of the less than optimal biomechani- 
cal performance of the granular form, especially 
with regard to some limitations in the recon- 
struction of segmental bony defect, a massive 
form of RBX was fabricated as a supplement 
to RBX products. As starting material, cancel- 
lous bone blocks from the proximal part of 
bovine humerus measuring 20 mm x 15 mm x 
10 mm (for use in the canine model) or 5 mm x 
5 mm X 15 mm (in the rabbit model) were 
defatted, partially decalcified, and deproteinized 
to make of them antigen-extracted massive 




Figure 54.1. a,b SEM showing microstructure of RBX: a bovine cancellous bone carrier; b cancellous graft with BMP fraction precipitated in the 
pores. 
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cancellous bone carriers (MBC). They were then 
recombined with bBMP in 1:5 ratios (by 
weight) and dialyzed against water, freeze-dried, 
and sterilized. 

Bioassay of RBX 

Twenty milligrams of RBX containing 0.5 mg 
of bBMP was implanted aseptically into the 
femoral muscle pouch of the mouse; partially 
decalcified bone carrier without BMP, which 
served as a control, was implanted in the same 
manner. One week after implantation, the grafts 
of RBX were entrapped and infiltrated with 
abundant spindle-shaped and hypertrophied 
cells surrounding islands of cartilage (Figure 
54.2); in contrast, the control implants were 
encased only by fibrous tissue and muscle; in 
some areas proliferating cells could be seen, but 
no evidence of cartilage differentiation. At two 
weeks, the islands of cartilage were enlarged 
with ossification occurring in the center; the 
foci of chondroid, osteoid, and woven bone were 
observed in the pores of the grafts (Figure 54.3). 
At four weeks, new bone tissue was present in 
the composite grafts, and some trabecular bone 
was connected directly to the pore wall of the 



grafted cancellous bone; in some areas mature 
lamellar bone and marrow tissue were seen 
(Figure 54.4). In the control implants of carrier 
alone, richer granular tissue and even scanty 
chondrocytes were noted in 2 of 8 samples, 
while all other controls at this time failed to 
induce any visible osteochondral differentia- 
tion, and more than half the cancellous bone 
was resorbed and degraded with fibrous tissue 
encasing the remnants. 

For immunological study, blood samples were 
collected at killing of animals. Undecalcified 
frozen sections (6 /urn) of calf cortical bone were 
used for immunofluorescent staining, with 
serum of normal mouse who had received no 
implantation serving as control. The immuno- 
fluorescent assays with the blood sera of the 
implant recipients showed that all BMP- 
containing implantations led to positive stain- 
ing in most of the animals with a very low 
titer of 1:2, while the animals that had received 
the implantation of unprocessed xenogeneic 
cancellous bone gave a titer as high as 1 : 256. 
Bright fluorescence in the endothelium of the 
Haversian canal and osteocytes confirmed 
the presence of circulating antibodies to the 
implants in the host [3]. 




Figure 54.2. One week after implantation, islands of cartilage emerged with spindle-shaped cells surrounding them (Hi. x80). 
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Figure 54.3. At two weeks ossification occurred in the center of cartilage islands, foci of chondroid, osteoid, and woven bone were observed (Hi. 
x80). 




Figure 54.4. At four weeks mature lamellar bone and marrow tissue were seen (H.E . x80). 



Repair of Osseous Defect with 
Use of Granular Form of RBX 

Bone defects 15 mm in size were created in bilat- 
eral radii of rabbits, and the defects on the left 
side were implanted with 80 mg of RBX which 
contained 4 mg of bBMP with BMP/carrier ratio 



1 : 20, while the defects on the right were left 
untreated as blank controls. On day 3, spindle- 
shaped masses against the background of slight 
swelling could be seen centered over the site of 
implantation, but there was no redness of the 
skin, and no exudation either. The masses dwin- 
dled in size and increased in consistency in one 
week, with the wound healed without incident. 
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On the control side, no conspicuous mass could 
be discerned and the wound healed by first 
intention. 

Radiologically, considerable callus, dense and 
irregular in shape, was noted in left radius that 
had been implanted with RBX, with the implant 
itself partially resorbed at 4 weeks. At 8 weeks 
the defects was basically filled up with callus, 
and conspicuous remodeling could be seen in 
some of the specimens. At 16 weeks (Figure 
54.5), all defects largely had been repaired with 
formation of lamellar bone and recanalization 
of the marrow cavity, whereas defect nonunion 
occurred on the control side. 

Histologically, 4 weeks after operation, at the 
site of RBX implantation, significant chondro- 
genesis and osteogenesis were identified, with 
ingrowth of tissue into the graft pores and new 
bone formation (Figure 54.6). At 8 weeks, 
increased amounts of new bone tissue was 
found within and around the graft pores; pro- 
nounced creeping substitution was noted in 
some areas with the graft disorganized, largely 
resorbed and incorporated with the new bone 
(Figure 54.7). Periosteum, lamellar bone, and 
recanalized marrow cavity were identified in 
most of the specimens at 16 weeks, and the 




Figure 54.5. Repair of osseous defect with RBX in rabbit model: 
sixteen weeks postimplantation, the defect in the radius implanted with 
RBX had been repaired (left); nonunion occurred on the control side 
(right). 




Figure 54.6. Newly formed bone and cartilage were seen surrounding the scaffold of the graft at 4 weeks (NB for new bone; NC for new cartilage; 
CB for cancellous bone carrier) (xlOO). 
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defects were found to have been repaired to an 
apparent completeness by that time (Figure 
54.8). In controls, bony defects were filled up 
with scar tissue. 

Tracing the osteogenesis process using the 
tetracycline double -labeling technique showed 
active new bone formation with quite a number 



of primitive Haversian systems in the early stage 
after implantation of RBX, while a somewhat 
sparse distribution of them was noted at the 
later stage, suggesting that the metabolism of 
bone tissue had entered a relatively stationary 
phase and the remodeling process was near 
completion. 




Figure 54.7. At 8 weeks the implants were resorbed and replaced by new cartilage and trabeculae (NB for new bone; NC for new cartilage) 
(x100). 




Figure 54.8. At 16 weeks cortical bone was seen with recanalization of the marrow cavity (x50). 
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Repair of Osseous Defect 
with Use of the Massive 
Form of RBX (MRBX) 

RBX in its original granular form has some lim- 
itations to the reconstruction of segmental bony 
defect in view of its less than optimal biome- 
chanical performance. The massive form repre- 
sents an important supplement to RBX products 
and to some extent has made up for its disad- 
vantages in this regard as evidenced by the find- 
ings in this study. 

Rabbit Model. Bilateral segmental osseo- 
periosteal defects 15 mm in length were created 
in the radii of rabbits. Each animal received 
MRBX implantation (carrier/bBMP ratio 5 : 1 by 
weight) in the left forelimb, and implantation of 
MBC in the right forelimb. In animals of the 
study group who had received MRBX implants, 
fibrous tissue ingrowth was seen in the grafts 
leading to formation of multiple new cartilagi- 
nous and osseous islands at 4 weeks post- 
implantation; massive new bone formation 
through endochondral and appositional ossifi- 
cation was identified at 8 weeks; remodeling of 
the new bone and disorganization and phagocy- 
tosis of MRBX was noted at 12 weeks; the contour 
of a diaphysis with a normal structure which had 
cortex in continuity and recanalized medullary 
canal could be discerned at 16 weeks; and finally 
at 20 weeks the defects were all repaired and no 
MRBX remnants were seen. Meanwhile, bone 
union was noted in only 4 of 8 specimens in the 
MBC group, with induced new bone taking up a 
much lower proportion in the defect area as com- 
pared with its counterpart in the MRBX group. 
Nonunion occurred in all of the blank controls 
where the defects had been repaired by fibrous 
connective tissue. This Suggests a combined 
effect of osteoinduction and osteoconduction by 
MRBX in repairing the bony defects. 

Canine Model. Adult dogs weighting 20-25 kg 
were used. Bilateral osseo-periosteal defects 
20 mm in length were created in the radii and 
blocks of MRBX were implanted into the defects 
on the left side, with the defects on the right side 
receiving no implantation serving as controls. 
One month postoperation, some callus of low 



density was seen at both osteotomy sites, the 
contour of MRBX grafts becoming obscure and 
irregular in shape with lower density. Multiple 
osseous islands were seen scattered at the repair 
site 2 months later. At 4 months osseous conti- 
nuity could be defined between the callus at the 
proximal end of the fracture and the osseous 
islands in the defects, with the new bone having 
increased density. The radiodensity of the new 
bone approximated that of the host bone with 
well-defined cortical continuity in between and 
partially recanalized canal by the sixth month 
(Figure 54.9). Histologically, cartilage and a sub- 
stantial amount of mature new bone was seen 
bridging the defect by that time. The bridging 
reparative tissue assumed an appearance of 
osseous tissue intermingled with cartilage, with 
patches of mature lamellar bone that had 
merged into larger ones at the center of the 
defect. In contrast to this, the defects that had 
been left without implantation failed to reach 
osseous union even by 6 months after operation, 
there being closed medullary canal in spite of 
some callus at free bone ends at 3 months. His- 
tologically these defects were found to have 
been repaired by large amount of fibrous con- 
nective tissue. 

Significant differences were seen between the 
limbs in the study group and the controls when 
evaluated using ^^Tc"^ SPECT at 3 months. In the 
forelimb that had received MRBX implantation 
there appeared intensified radioisotope imag- 
ing, with concurrent image intensification at the 
defect site, suggesting active bone growth and 
repair at free bone ends as well as at the site of 
MRBX implantation. While in the blank controls 
an intensified image was noted at bone ends 
only, none was discerned in the defect area. 

Masive xenogenous carrier with its integrated 
structural frame has demonstrated good osteo- 
conductive effects in repairing larger bone 
defects, so we can look forward to broadening 
the indications of the use of RBX in the treatment 
of bone defects and other orthopedic conditions. 

Clinical Application of RBX 

Clinically, RBX has been used at this institution 
to treat 198 patients who had nonunions or bone 
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Figure 54.9. A-D Repair of osseous defect with MRBX in canine model: (A) The framework of MRBX was clearly seen between the cut ends 1 hour 
postoperation; (B) radiodensity of the new bone approximated that of the host bone with well-defined cortical continuity in between and partial 
recanalization of medullary cavity at 6 months; (C) blank control one hour postoperation; (D) nonunion persisted in the control even by 6 months 
after implantation. 



defects involving humeri, ulnae, radii, pha- 
langes, femorae and tibiae, caused by trauma 
or as a result of ablative tumor surgery. Each 
patient was implanted with 30-60 mg of BMP 
combined with a certain amount of bovine can- 
cellous bone (bCB) carrier in accordance with 
the size and location of the defect and other 
conditions of the patient, with the BMP/carrier 
ratio being 1 : 20, 1 : 50, or 1 : 100. 

The postoperative course was uneventful in 
all cases treated with RBX implantation, with 
wounds healed by first intention. A few patients 
had some measure of local swelling which 
resolved within one week, necessitating no 
special care. Also, no abnormalities were 
detected in relevant immunological testing, 
including circulating immune complex, soluble 
interleukin II receptors, and T-lymphocyte sub- 
population, etc. One hundred fifty-six patients 
had a follow-up of three years or longer, with 
bony union occurring in 91% and the time to 



bony union ranging from 2 to 6 months. Thus, 
wound healing, osteogenesis, and reconstruc- 
tion of bone defect all went unaffected. Post- 
operatively, SPECT showed that the radionuclide 
was concentrated at the graft site, pointing to the 
strong osteoinductive capacity of RBX. 

We have also used RBX for the treatment of 
osteonecrosis of femoral head in a few patients, 
and the preliminary results are rather encour- 
aging. The results confirmed the potential for 
RBX to effect more rapid healing and filling up 
of defects with viable bone. However, further 
basic and clinical research involving long-term 
follow-up are needed to establish its role as an 
effective treatment modality. 

Case 1. An eight-year-old boy presented with 
congenital pseudarthrosis in the lower third of 
his right tibia, and he had a shortened leg 
(Figure 54.10). He underwent correction of the 
deformity and received RBX implantation; in 
addition he had his proximal tibia lengthened 
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Figure 54.10. The preoperative general view and close-up view of the 
affected limb in Casel. 



using an external fixator. Two weeks postopera- 
tively, there appeared a small amount of callus, 
which grew into a massive one to make the frac- 
ture line invisible at 2 months; and at 4 months 
the main findings were remodeling of the graft, 
recanalization of marrow cavity, and bony 
union (Figure 54.11). At a follow-up evaluation 
3 years later, the patient was found to have equal 
length of the lower extremities, full weight 
bearing at the right side and good function of 
the affected limb (Figure 54.12). 

Case 2. A girl of nine was found to have a bone 
cyst in the lower third of her right humerus 

3 years prior to admission, and she had had 
five operations elsewhere involving autogenous 
bone grafting and allograft from her parents. All 
the previous procedures ended with recurrences 
and pathological fractures. She was treated with 
curettage and cauterization using 50% zinc 
chloride of the lesion, in combination with RBX 
implantation filling up the cavity. Two months 
postoperatively, massive callus with homoge- 
neous density that was indistinguishable from 
the surrounding normal bone could be seen; at 

4 months recanalization of marrow cavity was 




Figure 54.11. A-D Radiographs of the distal tibia of Case 1: (A) preoperative X-ray; (B) 2 weeks postoperatively; (C) 4 months postoperatively; 
(D) 3 years postoperatively. 
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Figure 54.12. At 3 years follow-up the patient in Case 1 had equal length of the lower extremities and good function of the affected limb. 



evident. At 3 years postoperation, the patient 
had no recurrence of the lesion and good limb 
function, X-ray examination demonstrating 
graft remodeling (Figure 54.13). Now she has 
normal function of her right arm. 

Case 3. A 24-year-old woman suffered an 
injury to her left proximal tibia in a traffic acci- 
dent 3 years earlier. This was a very serious case 
of open fracture which resulted in nonunion, 
with bony defects, skin scarring, and stiff knee 
and ankle (Figure 54.14). She had been advised 
to amputate her left leg elsewhere. In our hospi- 
tal, bone lengthening was performed at the 
distal tibia using an external fixator. Two 
months later, the fracture ends were brought 
into contact, then RBX was implanted. At 6 
months after RBX implantation bony union was 
already evident, and at the 3-year-follow-up 
there appeared well remodeled bone at the 
implant site, where the diaphysis was consider- 
ably thickened (Figure 54.15). The patient was 
walking with full weight bearing on the affected 
limb. She was satisfied with the reasonably good 



function of her leg, and has now married 
(Figure 54.16). 

Immunogenkity of BMP and RBX 

RBX is composed of BMP (bBMP) and antigen- 
extracted bovine cancellous bone (bCB), with 
a certain amount of collagen matrix retained 
therein. As shown in our previous studies, low- 
titer anti-bBMP and anti-RBX antibodies were 
identified in the sera of the animals who had 
received the implantation of RBX, while there 
were absent or minimum specific anti-bCB 
antibodies in the sera of the recipients [5,6]. In 
a mouse model, bCB was found to be unable to 
induce specific antibodies when implanted in 
the muscle pouch [5]. It was noted that RBX 
implantation led to significant ectopic new bone 
formation in all of the cases with the osteoge- 
netic activity in direct correlation with BMP 
contained in RBX, despite the fact that low-titer 
antibodies were detected. Low-titer anti-RBX 




Figure 54.13. A-CThe radiographs of Case 2: (A) pathological fracture complicating an osteolytic lesion was seen in left humerus; (B) four months 
postoperation bony union and recanalization of marrow cavity were evident; (C) at 3 years postoperation, no recurrence of the lesion, but graft remod- 
eling was defined. 




Figure 54.14. The preoperative general view and close-up view of the left lower limb in Case 3. 
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Figure 54.15. Radiographs of left proximal tibia in Case 3. (A) preoperative X-ray; (B) two months after bone lengthening was performed at the 
distal tibia using an external fixator, fracture ends were brought into contact. Then RBX was implanted at the fracture site in proximal tibia; (C) at 
the 3-year follow-up bony union was evident with thickened diaphysis and well remodeled bone at the Implant site. 




Figure 54.16. The patient In Case 3 was walking with full weight bearing on the affected limb, and she was satisfied with the reasonably good 
function of her leg. 
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antibodies were elicited by implantation of RBX 
products containing different amounts of BMP, 
with the antibody level in direct correlation to 
the BMP content. These findings suggest that 
low-titer anti-RBX antibodies did not interfere 
with the osteogenetic activity of RBX, and that 
the antigenicity manifested by RBX was mainly 
a result of the presence of bBMP. The results 
with the repair of segmental defect in the radius 
of the rabbit and canine also showed that there 
was less of an effect of low-titer antibodies on 
the osteogenetic activity of RBX. Currently the 
significance of humoral immunity in graft rejec- 
tion is uncertain, and it is believed that the 
humoral aspect of the immune response only is 
a physiologic reaction to the graft on the part of 
the host. 

BMP is a family of differentiative factors 
whose principal function is to induce transfor- 
mation of undifferentiated mesenchymal cells 
into chondroblasts and osteoblasts. Native and 
recombinant BMP have been used successfully 
by many investigators for the treatment of 
established nonunions and spinal fusion. There 
have been no reports of any adverse events to 
date associated with the use of BMP, but the 
literature on the immunogenicity of BMP is 
sparse. In the treatment of bone defects in 
animal models, when the same doses of bBMP 
or RBX were implanted at 3 -week or 6- week 
intervals, there were significantly higher anti- 
body levels after the second operation than 
there were after the first one, with significantly 
decreased osteogenesis induced by bBMP or 
RBX [7; PDQ Worker et al., unpublished work]. 
Sensitization of the host by bBMP leading to 
immunological memory is implicated in this 
phenomenon, apart from its immunogenicity. 
Thus the repeated use of RBX or any BMP- 
containing biosynthetic materials to the same 
patient should be considered with caution. 

It is generally believed that graft rejection is 
predominantly effected via a T lymphocytes- 
mediated mechanism. The studies on cellular 
immunity associated with RBX implantation 
have provided some evidence that argues for an 
inhibitory rather than a stimulative effect of 
RBX on the cellular immunity. Histologically, 
no conspicuous lymphocyte infiltration or other 
manifestations typical of graft rejection has 



been noted, and considerable new bone forma- 
tion was seen at the graft site [8]. The results 
with mixed lymphocyte culture showed that 
RBX exerted an inhibitory effect on lymphocyte 
proliferation in a dose-dependent manner, 
varying according to the bBMP content in RBX. 
This has never been observed with bCB 
implants, sustaining the assertion that the 
inhibitory effect that RBX has on T cell prolifer- 
ation is most likely derived from the bBMP 
component. In another in vitro study BMP 
was found to inhibit the polyclonal activator- 
stimulated T lymphocyte proliferation by sup- 
pressing the expression of IL-2R and production 
of IL-2 by T cells [9]. Furthermore, BMP recep- 
tors were found present on the activated T lym- 
phocytes [9]. Taken together, RBX implant can 
elicit an inhibitory effect on cellular immunity of 
the host with BMP playing an important dual 
role as an osteoinductive agent and concurrently 
an immuno-modulating factor as well. 

BMP Carrier 

RBX is an additional option for combining BMP 
with an optimal carrier and a better way of 
using xenogeneic bone. The biological effect 
of BMP in repairing a bony defect is dose- 
dependent, and a strong correlation has been 
found between the dose of BMP and the 
response to its implantation in animals of dif- 
ferent species [10]. For the BMP aggregates 
extracted from bone matrix, 1 to 2 mg was con- 
sidered to be the minimum dose to induce any 
visible osseous tissue in mouse models [11]. As 
shown in our previous study using a rabbit 
model, the BMP fraction in 0.5 mg was rapidly 
resorbed and did not show any potential for 
osteogenesis after implantation, despite the fact 
that it has (at a dose of 2 mg) a definite osteoin- 
ductive capacity [5]. However, after recom- 
bination with processed cancellous bone this 
subeffective dose of BMP did induce osteo- 
chondral formation, with a typical differentia- 
tion course. Also in the rabbit model of bone 
defect, a mere 4 mg of BMP contained in RBX 
was capable of inducing chondrogenesis and 
osteogenesis within and around the graft pores. 
Incorporation of osteoinductive factors into a 
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biomimetic scaffold can ensure successful bone 
regeneration; this may be because a proper 
delivery system can enhence the effect of BMP 
[12], The reason for this in our case may be 
related to the collagenous matrix retained in the 
graft after limited deproteinization. The colla- 
gen component may slow the release of BMP, 
maintaining an effective concentration of BMP 
at the implant site; meanwhile, a synergistic 
effect of BMP and collagen was noted in pro- 
moting fracture healing, as has been repeatedly 
shown in previous studies [13]. Many authors 
have theorized that collagen may promote 
osteogenesis by serving as a carrier of BMP, or 
as a suitable substratum for the attachment of 
mesenchymal cells [14,15]. 

On the other hand, as a repair material of 
bone defects, BMP depends on a suitable frame- 
work for mechanical support and release [16]. 
Many biomaterials have been used as carriers of 
BMP with varying degrees of success, including 
hydroxyapatite (HA) [17], j8-tricalcium phos- 
phate (/?-TCP) [18], polylactide and polyglycol- 
ide (PLA/PGA) [19], and plaster of Paris (PLP) 
[20]. Ideally, a carrier matrix should resorb after 
the new bone is formed and should not be 
retained at the graft site for long. Unfortunately, 
some of the materials are too slow to resorb, and 
others give rise to deleterious metabolites as 
they degrade, which makes them suboptimal as 
carriers. Bone is believed to be one of the best 
carriers, and the processed cancellous bone 
used in this study has the following advantages 
over the others: (1) It has a natural porous struc- 
ture with varying pore sizes at different sites, 
which is suitable for ingrowth of tissue as shown 
by Flatley et al. [21] and our work. (2) It is easy 
to resorb not only because of its porosity but 
also because of the homogenicity of bone struc- 
tures among vertebrate species, which permits 
host cells to gain easy access to the graft mate- 
rials, just as in the remodeling process. (3) Bio- 
materials are superior to any others in that 
they carry with them information that would 
enhence the attachment and differentiation of 
the cells [22]. The collagen matrix contained in 
the cancellus provides BMP with an optimal 
combination with and release from the frame- 
work, giving full scope to the role of BMP as 
an osteoinductive agent, which compares very 



favorably with most artificial materials [15]. (4) 
Owing to the ready availability of animal tissue, 
this kind of graft may be economical, conve- 
nient, and have unlimited supply. 

RBX in Tissue Engineering 

In view of the disadvantages inherent to bone 
grafting as noted above, orthopedic surgery is 
now in the midst of a transformation from bone 
graft and the use of bone graft substitutes to 
bone tissue engineering. Tissue engineering, as 
an interdisciplinary field that came into being in 
the early 1980s, is now finding wide applicability 
in organ and tissue transplantation, repair of 
bone and cartilage defects in particular [23-25]. 
Tissue engineering of bone, like most tissues, 
requires three essential elements, i.e., the scaf- 
folding matrix (carrier), the growth and differ- 
entiation factors, and the cellular elements. And 
there are three general approaches to repairing a 
bone defect, namely, matrix-based approaches, 
growth factor-based therapies, and cell-based 
therapies. RBX, which adopts matrix-based and 
growth factor-based therapies in combination 
with cells recruited from the host in response to 
its use, is in a sense a successful attempt at apply- 
ing tissue engineering to healing fractures and 
repairing bone defects. RBX possesses a strong 
osteoinductive power without evoking an 
immune rejection, as evidenced by ten years of 
basic science studies and successful clinical use 
at the authors’ institution. As a newly developed 
biosynthetic material, it has several advantages 
over other bone substitutes currently in use. 
Given its unlimited supply, easy processing and 
storage as well as its readiness for use, RBX 
would have a bright prospect for clinical use. 
And the authors believe that the addition of the 
growth factors other than BMP or cells with 
osteogenic potential (from fresh bone marrow 
or other sources) surely will further potentiate 
its osteogenic capacity. 
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55 Biomaterials: European Regulatory and Legal Aspects - 
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Biomaterials include a wide range of different 
products manufactured with many different 
materials varying from metallic alloys and syn- 
thetic chemicals to biological or human tissue 
derivatives. It is thus understandable that dif- 
ferent regulatory paths will apply to biomateri- 
als and that submission of files may vary from 
country to country in Europe to gain market 
clearance. Under the scope of this paper we will 
discuss mostly the laws governing orthopedic 
biomaterials with an emphasis on biological 
derivatives, which are by far the most difficult to 
understand, with various legislation in many 
countries, with a specific chapter on bone sub- 
stitutes and bone grafts. 

The Basics 

Since June 14 1998, a unique European directive 
known as the “93/42 directive” applies to all bio- 
materials with the known exception of human 
tissue derivatives, which will be specifically dis- 
cussed later. This directive allows, under certain 
conditions, the products to be “CE marked”. The 
CE mark theoretically allows the product to be 
marketed in each country of the EC. I say theo- 
retically because each government has the pos- 
sibility to deliver a veto to a product which will 
be considered by experts as dangerous for the 
safety of the population; thus, even with the CE 
mark a product or a range of biomaterials can 
be excluded from a specific market. This is actu- 
ally the case in France for animal derivatives, 
which require additional file submissions for 
virus and microbiological safety. 

So, it is obvious that the CE mark does not 
prevent manufacturers from following local 
rules to enter the market. Even if a product is 



well accepted in some European countries with 
good clinical efficacy it may not be possible to 
sell it to a neighboring country because of a 
specific regulation on that particular type of 
product. Most countries in Europe will accept 
“biological (animal origin) derivatives” as bio- 
materials and give market release with the “CE 
mark” only, but some will ask for special safety 
submissions either for market release or reim- 
bursement by the national health system. Some- 
times, this results in an unusual position, such 
as in France where, for instance, biological 
animal derivatives can be sold to hospitals with 
the CE mark only and not to private clinics 
requiring a submission to the reimbursement 
list (TIPS) with a complete safety file. 

Classes of Biomaterials in the CE 
Mark Regulatory System 

All biomaterials for surgical application in the 
CE mark system belong to class Ila, Ilb, or III 
devices; the class will depend on rules edited by 
the EC based on: 

invasiveness, 

duration of contact (temporary, medium-term, 
long-term), 

composition of biomaterial and especially exis- 
tence of biological tissue or derivatives, 

ingredients (active substances). 

The class of the device will control the safety 
and security associated with the use of the 
device: for the highest class, the most safety con- 
trols are required to obtain market clearance, 
and pertinence of the safety risk of biomateri- 



636 




Biomaterials: European Regulatory and Legal Aspects - a Synthetic Approach 



637 



als will be examined in the file submitted to the 
notified body (the private or public agency in 
charge of CE agreement by the dossier review). 

Somewhat strangely, most products can gain 
the CE mark approval without completing any 
clinical study. This is due to the 93/42 EC direc- 
tive which allows “clinical information” to be 
obtained from the most pertinent scientific lit- 
erature of the moment. It is clear that the CE 
mark ensures the safety minimizes risk of the 
devices and biomaterials but does not prove the 
clinical performance of the device. 

File Submission by Product Type 

Synthetic and Metallic Biomaterials 

Most orthopedic devices and prostheses belong 
to this category. For many years, Europe has 
undergone a rationale for the homologation of 
these non-active medical devices. The develop- 
ment of quality insurance management inte- 
grated as a system of product development is 
now fully completed. Manufacturers having a 
complete in-house quality insurance system and 
ISO certification submit their files for new 
product homologation through the multiple 
“notified bodies” existing in Europe and will get 
their CE mark after the file review. This process 
will take only a few months, or even few weeks 
in certain cases. 

Although the CE mark may not always mean 
clinically tested and verified by good clinical 
results, this situation (a device authorized 
without clear clinical evidence of safety or effi- 
cacy) may not continue for the long term. For 
these type of implants the CE mark registration 
gives market clearance in every country belong- 
ing to the EEC organization. 

Biological Products 

Biological Safety Exemptions 

The CE mark procedure allows an individual 
country to put a “veto” against a product when 
that local government believes that a risk is 
associated with the product. In France particu- 
larly this safety risk comes with all the internal 



scandals which have affected the French gov- 
ernment in recent years. Some individual coun- 
tries have organized safety commissions which 
will examine the product file only with regard 
to the “biological safety” issue; when the manu- 
facturer has proven the biological safety of the 
device(s), they will then get market clearance. 

Rules 

The CE mark is a quality control mark and is 
quality insurance dependant. It is recommended 
that manufacturers organize a good internal 
quality control system prior to applying for a CE 
mark; the bodies responsible for awarding the CE 
mark will regard file submissions from an ISO- 
certified company with a different perspective. 

CE Type Review 

The CE mark process is a voluntary process 
from the manufacturer. If the product is biolog- 
ical, safety and viral inactivation will be essen- 
tial for some markets. 

Human Tissues and Derivatives 

This category of product is now widely used in 
orthopedic surgery for grafting when autologous 
bone is not available in sufficient quantities. At 
the time of writing this chapter there is no 
consensus for a unique regulation in Europe, 
although many multilateral discussions are 
ongoing. Some European countries have estab- 
lished regulations for donor selection only, 
others have a complete system from tissue 
retrieving, donor selection criteria to the tissue 
banking organization, quality control, and tissue 
delivery to end user. The most advanced coun- 
tries in this respect are Belgium, France, Spain, 
UK, and Germany; some others have few or no 
regulation such as Italy, Greece, and Finland. 

In the very near future (within the next five 
years) it is expected that a global regulation 
will be determined for human tissue circulation 
in Europe, similar to the blood transfusion 
system. This global system will help tissue cir- 
culation in Europe for better graft mapping. 
Discussions by experts in tissue banking are in 
progress to implement a proposal for such a 
directive. 
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Common Rules in the Existing 
Banking Systems 

Donor selection: 

The donation is anonymous. 

Donation is free. 

Consent is required from living donors, and 
from the relatives of living patients unable to 
give consent and of postmortem donors. 

Donation: 

The medical history is collected. 

Serological tests are performed (European stan- 
dards from the European association in tissue 
banking) with local exceptions. 

Quality insurance of the tissue banks. 

Control of grafted tissues. 

Inactivation: 

Proven methods of viral and bacterial inactiva- 
tion are applied during the process. 

Pooling of donors is banned. 

Traceability: 

All human grafts or human tissue derivatives 
need detailed traceability to allow the surgeon 
to trace the graft from the donor records. 

Post implantation survey: 

All biomaterials and devices implanted must be 
notified to the local agency of any malfunction, 
for example a hip prosthesis failure or breakage, 
infection, severe life impairment, or death. 

These events must be notified by any person 
who has had access to such malfunctions, not 
only the surgeon, but also medical staff, phar- 
macists, GPs, manufacturing team, etc. 

All these surveys go for review to a national 
committee, which will decide on the incidence 
and gravity of the event, possibly followed by 
recall of the lot or of all devices after discussion 
with the manufacturers. 

The national committees report to an EC 
committee. 

It is vital to realise that these malfunctions must 
be notified by any person connected with the 
case; thus, the responsibility of the person does 
not declare an adverse effect can be clearly 
established. 



Legal Aspects of New Biomaterials in 
Orthopedic Practice 

Growth Factors 

Among the newest developments which will 
lead to new devices, a number of products 
include bone growth factors. From a technolog- 
ical aspect these growth factors have two differ- 
ent origins: 

DBM and derivatives: growth factors extracted 
from human demineralized bone tissues, man- 
ufactured by acid extraction of the bone pro- 
teins including BMP and collagen. 

rGF: recombinant growth factors including dif- 
ferent fractions of BMP, manufactured by 
genetic engineering. 

DBM will be treated as human tissue deriva- 
tives, and will follow the laws according to the 
country of origin as described above. 

rGF are new types of protein belonging to the 
BMP family, recently discovered and synthe- 
sized by genetic engineering. In order to have 
long term activity on stem cells acting as a 
growth and transforming factor, these proteins 
must be introduced into the body by a “carrier” 
which will protect the growth factor from degra- 
dation and will carry them to the site of activ- 
ity. The longer the carrier plays its role, the 
better in view of the CE mark legislation the 
carrier is generally a class III medical device. 
The combination of growth factor and carrier is 
also considered to be a medical device as a 
whole. If the growth factor is considered on its 
own and injected, for example, it will then 
become a pharmaceutical and will be classified 
as such. 

Active Implants 

In this category are new types of implants 
including active pharmaceutical ingredients, 
such as antibiotics, for example, combined with 
a “traditional” carrier as the bone substitute. In 
such a situation the 93/42 EC directive consid- 
ers the final combination as a medical device as 
long as the primary goal of the final product is 
to replace the bone. If such a combination 
claims its antibiotherapy activity first, it would 
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be considered as a pharmaceutical drug. 
Products on the market now include anti- 
biotic cements and antibiotic mixed bone 
substitutes. 

On a regulatory point of view, active ingredi- 
ents include: 

Pharmaceutical drugs 
Recombinant biological substances 
Carriers 
Cells 

Other biological substances 

All these categories are reviewed independently 
by the authorities and the classification of the 
medical device will depend on the claims that 
are presented by the manufacturers to these 
authorities; if the primary claim of a specific 
product containing an active drug such as an 
antibiotic (orthopedic cement, bone substitute) 
is to fill a bone defect, it is accepted that the 
product will be considered as a medical device 
and will be commercialized with the CE mark, 
even if it contains a pharmaceutical substance 
which act as a helper to the main activity of 
filling the bone defect. 

So, the category in which a product is classified 
- drug or medical device - depends also on the 
claims that manufacturers use in the submission, 
and may lead to some controversy and discus- 
sions with the health authorities. Recombinant 
BMP, for example, is a pharmaceutical substance 
when used alone, but may also be considered a 
medical device. Demineralized bone matrix, 
which is known to contain BMPs, is not a drug 



(with the exception of Germany where all human 
tissues are classified under the drug laws). 

Cellular Therapy 

In the above-mentioned category of “active 
implants” a special mention has to be made of 
so-called “cellular therapy” products including 
autologous chondrocyte cultures, keratinocyte 
cultures, and fibroblast cultures. The legal situ- 
ation of these new techniques is not yet uniform 
in European countries; for example, they are 
banned in France at the time of writing this 
article (April, 2001), although a new law on cel- 
lular therapy is expected to be implemented; in 
that country only clinical trials of cellular ther- 
apy components is authorized (expect for ker- 
atinocyte cultures for life-threatening burns). 

In the UK, Germany, Italy, Sweden, and Spain 
these techniques are authorized. The surgeon 
wanting to use a new therapy must be aware of 
the legal situation of the product in his partic- 
ular governmental environment, and ask for 
authorization if he is not sure. Surgeons are 
using biomaterials daily and we have demon- 
strated that new devices will soon come onto the 
market with complex compositions, and some- 
times legal controversy; the surgeon will then 
have to manage clinical situations and verify 
legal situations with his respective local health 
organization. Because surgeons are also 
involved in the development of these new 
biomaterials they must fully understand the 
regulatory aspects of these biomaterials (Table 
55.1). 



Table 55.1 . Table showing the legal situation of some biomaterials of different classes 



Typeofbiomaterial 



Legal situation 



Comments 



Metallic 

Ceramics HAPJCR biphasic, ionic 
cements 
Xenomaterials 

Medical device plus active substance 
(rBMP, antibiotics, etc.) 

Human materials and derivatives 

Cellular therapy products: Cell cultures, 
Stem cells 



Devices, CE mark needed for 
commercialization 
Devices, CE marked 

Devices, CE marked 
Medical device or pharmaceutical 

Not medical devices in Europe 
(even class drugs in Germany) 
Specific laws 

Devices in some countries 



Hydraulic cements not yet classified for 
reimbursement in France 
Plus microbiological safety in some countries 
Class depend on claims of activity of active substance: 
either act as helper or primary component 
Regulated specifically country by country 

Regulated country by country; care to 
be taken as to the exact local situation 
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Conclusions 

Although a great deal of progress has been made 
with the implementation of the European direc- 
tive 93/42 for the regulation of medical devices, 
establishing a unique registration in all Euro- 
pean countries for these medical devices, it has 
been demonstrated in this article that the situ- 
ation is not yet clear enough. Because some 
countries have established additional require- 
ments for some classes of products (microbio- 
logical safety expert commissions), one must be 
careful in using products with the CE mark, 
especially products including different compo- 
nents and biological substances. 

Human derivatives are not yet very widely 
used in Europe (DBM) and are regulated only on 
a country-by-country basis. A unique regulatory 
situation is still to be implemented, but some 
countries such as France, which have in the past 
experienced “scandals” with contaminated 



blood, have now set very restrictive laws for the 
homologation and commercialization of human 
tissues, and, since January 2001, controls on the 
production and importation of such biomateri- 
als have been established. 

Cellular therapy products are becoming more 
and more popular, some are in their last devel- 
opmental stages, some are close to gaining 
market clearance, and some are already on the 
market. The regulation of these products is not 
defined by the European 93/42 directive and, 
again, the situation has to be examined country 
by country. In most of the EEC countries, cellu- 
lar therapy products are authorized for use. 

The progress of researchers and clinicians is, 
as always, quicker than the legal situation of 
medical devices, but market clearance of new 
products must become universal in Europe oth- 
erwise it may jeopardize the development 
of new, innovative biomaterials by market 
restrictions. 
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